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1 Zusammenfassung und wissenschaftlicher Erkenntnisgewinn 
 
Im Jahr 1975 konnten die Wissenschaftler Köhler und Milstein erfolgreich B-Lymphozyten aus 
immunisierten Mäusen mit Myelomzellen fusionieren und mittels dieses, als Hybridoma Technologie 
bezeichneten Verfahrens, Zellen erzeugen die Vorteile beider Vorgängerzellen vereinten. Diese 
immortalisierten Hybridomazellen sind sowohl kultivierbar, als auch in der Lage Antigen spezifische 
Antikörper zu sezernieren. Ihre bahnbrechende Erfindung für die Herstellung von Antikörpern wurde 
1984 mit dem Nobelpreis honoriert.  
Allerdings stellt die Hybridoma Technologie einen langwierigen Prozess mit geringer Effizienz dar. 
Zusätzlich ergibt sich durch die murine Herkunft der Antikörper eine potenzielle 
Immungenitätsproblematik bei Applikation im Menschen. 
Aus diesen Gründen wurden in den letzten Jahrzehnten verschiedene Technologien zur Überwindung 
dieser Limitationen entwickelt. Sie umfassen dabei die Nutzung von humanen naiven, semi- oder komplett 
synthetischen Antikörperdiversitäten (zur Vermeidung der Immungenitätsproblematik) in Verbindung 
mit zellulären oder nicht-zellulären in vitro Selektionssystemen zur Präsentation und Isolation von 
Antikörpern, wie z.B. das Phagen- oder Hefe-Display. Durch die Entwicklung dieser Methoden konnten 
große Repertoires bezüglich vorgegebener Eigenschaften durchmustert und spezifische Moleküle isoliert 
werden, was den heutigen, erfolgreichen Einsatz von monoklonalen Antikörpern in biotechnologischen 
und medizinischen Anwendungen unterstützte. Trotz aller Verbesserungen im Antikörperfindungsprozess 
stellt die Generierung der initialen Display-Bibliotheken immer noch einen aufwendigen und 
anspruchsvollen Prozess dar. Dieser ist oft mehrstufig und umfasst am Beispiel des Hefe-Displays 
verschiedene Klonierungsschritte, die Erstellung von getrennten Bibliotheken für schwere und leichte 
Ketten, sowie letztlich deren Paarung durch Mating. 
Dieser Ablauf kann durch die Anwendung von Golden Gate Cloning (GGC) vereinfacht werden und in nur 
einer Reaktion erfolgen. Die Klonierungsreaktion im GGC beruht dabei auf der Nutzung von Typ IIs 
Restriktionsenzymen. Diese Enzyme schneiden DNA in einer definierten Distanz außerhalb ihrer 
Erkennungssequenzen und ermöglichen dadurch die Inkorporation von Überhängen mit gewünschter 
Signatur. Typ IIs Restriktionsenzyme erlauben somit einen gerichteten, einstufigen Klonierungsprozess, 
bei dem die Erkennungssequenzen während der Reaktion entfernt und das Reaktionsgleichgewicht auf die 
Seite des spezifischen Klonierungsproduktes verschoben wird.  
In der vorliegenden Arbeit konnte anhand von drei unterschiedlichen Selektionskampagnen die 
Anwendbarkeit von GGC für die Bibliotheks-Generierung im Hefen- und Phagen-Display demonstriert 
werden.  
Dabei wurden spezifische Fab Antikörper gegen CEACAM6, EGFR und hCG aus Immunrepertoiren von 
transgenen Ratten und Wildtyp Hühnern (Hefe-Display), sowie EGFR spezifische scFv und VHH Antikörper 
aus Immunrepertoiren von Hühnern und Kameliden (Phagen-Display) isoliert. GGC konnte dabei im 
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Vergleich zur klassischen Generierung von Antikörper-Bibliotheken bezüglich Verteilungen der 
Genrepertoires, der allgemeinen Bibliotheks-Größen, sowie biophysikalischer Charakteristika der 
isolierten Antikörper validiert werden. Der entwickelte, einstufige GGC Prozess ist in der Lage Antikörper 
Bibliotheken basierend auf kombinatorischen schweren und leichten Ketten Diversitäten mit gleicher 
Qualität gegenüber der traditionellen Methode zu generieren. Zusätzlich bietet er den Vorteil einer 
schnelleren und weniger aufwendigen Methodik, da er die multiplen Schritte des traditionellen Ansatzes 
parallelisiert. 
Neben klassischen monoklonalen Antikörpern und Antikörperfragmenten bieten neue Antikörperformate 
Ansätze zur therapeutischen Anwendung. Dazu zählen Moleküle wie bispezifische Antikörper (bsAbs) und 
Immunoliganden, sowie andere Antikörperfragmente und -derivate, z.B. kamelide 
Einzeldomänenantikörper-Fc Fusionen.  
Bei der Herstellung von IgG-basierten bispezifischen Antikörpern, bestehend aus zwei unterschiedlichen 
schweren und zwei unterschiedlichen leichten Ketten, müssen theoretisch vier unterschiedlichen Plasmide 
für deren Expression in der Zellkultur eingesetzt werden, was zu einer statistischen Ausbeute von lediglich 
12.5 % des gewünscht assembliertem Proteins führt. Eine Möglichkeit die Heterogenität bei der Expression 
von mehreren gleichgearteten Polypeptidketten zu umgehen, ist die Nutzung der Strand-Exchange 
Engineered Domain (SEED) Technologie. Durch die Einfügung alternierender IgA und IgG β-Faltblatt 
Strukturen in den CH3 Domänen, entstehen anti-parallele Immunglobulinstrukturen, die eine 
Heterodimerisierung der schweren Ketten begünstigen. Zur Vermeidung von Homodimerisierung der 
schweren Ketten wurden neben SEED noch andere Technologien wie „knob-into-holes“, controlled 
Fab arm exchange oder gezielte Aminosäure-Austausche zur Einführung von konträren 
elektrostatischen Ladungen in den beiden schweren Ketten entwickelt. 
Um darüber hinaus eine leichte Ketten-Fehlpaarung der Antikörper zu verhindern, wurden ebenfalls 
diverse Technologien entwickelt, wie z.B. CrossMab oder die Nutzung einer Common Light Chain. Eine 
weitere Möglichkeit hierfür besteht zusätzlich in der Verwendung von kameliden VHH Domänen. 
Diese nutzen nicht die für den kanonischen Antikörper notwendige leichte Kette, sondern stellen eine 
spezifische Antigen-Bindung ausschließlich über die variable Domäne der schweren Kette her. 
In diesem Kontext war ein Ziel der vorliegenden Arbeit die Kombination der SEED Technologie mit einem 
2013 von Baty und Kollegen konzeptionell beschriebenen Fab ähnlichen bispezifischen VHH Antikörper.  
Dies ermöglichte die Generierung einer neuartigen bi- und trispezifischen, IgG-ähnlichen VHH basierten 
Antikörperplattform mit damit verbundenen variablen Valenzen im Rahmen dieser Promotion. Die 
Ergebnisse der Charakterisierung dieses Antikörperformats bezüglich ihrer biophysikalischen und 
biochemischen Eigenschaften, wie z.B. spezifischem, NK-Zell vermitteltem ADCC, belegten die Vielseitigkeit 
dieser generischen Plattform zur Expression voll funktioneller mono-, bi und trispezifischer Antikörper mit 
unterschiedlichen Valenzen als „plug-and-play“ Anwendung. 
Darüber hinaus ist der Einsatz von bispezifischen Molekülen für die gerichtete NK-Zell Rekrutierung in 
heutiger Zeit von großem Interesse. Die spezifische NK-Zell Rekrutierung zu tumorösen oder infizierten 
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Zellen ermöglicht eine spezifische Zytolyse der Zielzellen und die gleichzeitige Immunmodulation durch 
eine NK-Zell vermittelte Zytokin-Freisetzung.  
Eine Möglichkeit, um die Rekrutierung von NK-Zellen zu adressieren, bieten die von diesen Zellen 
umfassend exprimierten Natürlichen Cytotoxischen Rezeptoren (NCRs). In dieser Arbeit konnte mittels 
Hefe-Display die bindungsrelevante N-terminale IgV-ähnliche Domäne des natürliche Liganden B7-H6 für 
den NCR Rezeptor NKp30 affinitätsmaturiert werden. Mittels Fluorescence Activated Cell Sorting (FACS) 
basierter Selektion wurden B7-H6 Varianten mit signifikant erhöhter Affinität zu NKp30 erhalten. Auch 
zeigten diese Varianten bei der Anwendung im Format bispezifischer Immunoliganden signifikant 
gesteigerte NK-Zell vermittelte Zytotoxizitäten und Zytokin-Freisetzungen gegenüber dem parentalen 
B7-H6 Molekül. 
Diese Erkenntnisse belegen die zu Grunde liegende Hypothese, dass eine gesteigerte Affinität von B7-H6 
zu NKp30 in einer erhöhten NK-Zell basierten Tumorzell-Zytolyse und einer gesteigerten NK-Zell 
vermittelten Sekretion von proinflammatorischen Zytokinen resultiert. Eine Affinitätssteigerung von 
natürlichen Liganden aktivierender NK-Rezeptoren könnte somit zur Entwicklung potenzieller 
Immuntherapeutika zur Behandlung von Patienten mit unterschiedlichen Krebserkrankungen verwendet 
werden. 
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2 Scientific novelty and overview 
 
In 1975, scientists Köhler and Milstein successfully fused B-lymphocytes from immunized mice with 
myeloma cells and, through this procedure entitled hybridoma technology, were able to combine the 
advantages of both precursor cells. These immortalized cells are culturable and able to secrete antigen-
specific antibodies. The scientists' invention, revolutionary for the production of monoclonal antibodies, 
was awarded with a Nobel Prize in 1984. 
It became apparent, however, that the hybridoma technology is a lengthy process with low efficiency. In 
addition, the murine origin of the antibodies causes a potential problem with immunogenicity when 
applied to humans.  
Several new technologies have been developed in the last decades in order to overcome these limitations. 
These technologies include the use of human naïve, semi-synthetic or synthetic antibody diversities (to 
avoid the immunogenicity issue) in combination with cellular or non-cellular in vitro selection systems for 
the presentation and isolation of antibodies, such as Phage or Yeast Display. By the invention of these 
methods, large repertoires could be examined for predefined characteristics, thus enabling the isolation of 
specific molecules, which advanced today's successful use of monoclonal antibodies in biotechnological 
and medical applications. Despite all improvements in the finding process of antibodies, the generation of 
initial display libraries is still complex and laborious. It is often a multistage process which, as with Yeast 
Display, encompasses multiple cloning steps, the generation of separated libraries for heavy and light 
chains as well as, ultimately, their mating. This process can be simplified and condensed to only one 
reaction through the application of Golden Gate Cloning (GGC). The cloning reaction within GGC is based on 
the use of Type IIs restriction enzymes, which digest DNA in a defined distance from their recognition 
sequences and, thereby, allow for the incorporation of overhangs with requested signatures. Type IIs 
restriction enzymes enable a targeted, single-stage cloning process in which all recognition sequences are 
removed during the reaction, thereby causing an equilibrium shift towards the specific cloning product.  
As part of this work, the feasibility of GGC for the generation of Yeast and Phage Display libraries could be 
demonstrated for three different selection campaigns. Specific Fab antibodies against CEACAM6, EGFR and 
hCG were isolated from the immune repertoires of transgenic rats and wild type chickens (Yeast Display), 
and EGFR-specific scFv and VHH antibodies were isolated from the immune repertoires of chickens and 
camelids (Phage Display). In comparison to the traditional generation of antibody libraries, GGC could be 
validated with regards to gene repertoire distribution, the overall size of libraries as well as to the 
biophysical characteristics of isolated antibodies. The developed single-stage GGC process is able to 
generate antibody libraries based on combinatorial heavy and light chain diversities with the same quality 
as the traditional method. In addition, the process is a faster and less laborious method, which parallels the 
multiple steps of the original approach.  
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Besides classical monoclonal antibodies and antibody fragments, new antibody formats can broaden the 
therapeutic space of new biological entities. Among these are molecules such as bispecific antibodies 
(bsAbs) and immunoligands, as wells as other antibody fragments and derivates - such as camelid single 
domain antibody Fc-fusions.  
In theory, four different plasmids have to be used during the expression of IgG-based bispecific antibodies 
in cell culture, as they consist of two different heavy chains and two different light chains. This would lead 
to a statistical yield of only 12.5 % of the desired assembled protein. The Strand Exchange Engineered 
Domain (SEED) technology is one possibility to avoid heterogeneity during the expression of several 
similar polypeptide chains. Through the introduction of alternating IgA and IgG β-sheet structures in the 
CH3 domains, antiparallel immunoglobulin structures occur, which promote a heterodimerization of the 
heavy chains. In order to avoid heavy chain homodimerization, additional technologies, such as "knob-into-
holes", controlled Fab arm exchange or targeted amino acid exchanges used to introduce contrary 
electrostatic charges into both heavy chains have been developed.  
Moreover, mispairing of antibodies light chains can be prevented by technologies such as CrossMab or 
the use of a Common Light Chain. Another possibility is the utilization of camelid VHH domains. VHHs, 
compared to canonical antibodies, provide specific antigen binding exclusively via the variable domain 
of the heavy chain.  
In this context, it was one of the goals of the present work to combine the SEED Technology with a bispecific 
Fab-like VHH antibody which was conceptionally described by Baty and coworkers in 2013. This 
combination enabled the generation of a novel bi- and trispecific, IgG-like VHH-based antibody platform 
with related variable valences.  
The results of the characterization of this antibody format with regards to its biophysical and biochemical 
characteristics - such as the specific NK cell-mediated ADCC - verify the versatility of the generic platform 
in expressing fully functional mono-, bi- and trispecific antibodies with different valences as a "plug and 
play" application.  
Furthermore, the use of bispecific molecules for a targeted NK cell recruitment is of substantial interest 
nowadays. The specific NK cell recruitment towards tumorous or infected cells enables a specific cytolysis 
of target cells and a simultaneous immune modulation through NK cell-mediated cytokine release.  
One possibility to address the recruitment of NK cells are the Natural Cytotoxicity Receptors (NCRs), 
comprehensively expressed by NK cells. For this work, and through the use of Yeast Display, the N-terminal 
IgV-like domain of B7-H6 (natural ligand of NKp30), which is relevant for receptor binding, could be affinity 
matured. Via Fluorescence Activated Cell Sorting (FACS)-based selection, B7-H6 variants with significantly 
increased affinity to NKp30 were achieved. Additionally, these variants showed significantly increased NK 
cell mediated cytotoxicities and cytokine release when used in the format of bispecific immunoligands, 
compared to the parental B7-H6 molecule.  
These results verify the underlying hypothesis that an increased affinity of B7-H6 to NKp30 results in an 
increased NK cell-based tumor cell cytolysis as well as in increased NK cell-mediated secretion of 
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proinflammatory cytokines. An increased affinity of activating NK cell receptors natural ligands could, 
therefore, be used in the development of potential immunotherapies for the treatment of patients with 
various cancerous diseases.





Lymphocytes are the prime mediators of the adaptive immune system, eliminating invading pathogens. 
They recognize the foreign structures by their specific antigen receptors. During lymphocyte maturation, 
B cells and T cells undergo a unique rearrangement of germline encoded, antigen independent gene 
segments, finally forming a specific B cell (BCR) or T cell (TCR) receptor, which then allows recognition of 
foreign structures. This process involves different stages of maturation and comprises several steps of 
genetic diversification, explained in more detail in the following sections. 
Antibodies can be termed as “final product” of maturated and activated plasma B cells and represent the 
humoral immune response of the adaptive immune system in vertebrates, recognizing and binding to 
structures of foreign proteins.  
The humoral immune response was first described by van Behring and Kitasato in 1890, who discovered 
an antitoxic blood serum component in immunized rodents which could neutralize diphtheria toxin [1]. In 
the 1930s, this discovery was refined by other scientists like Heidelberger and Kendall, however, especially 
by Tiselius and Kabat in 1939 [2], [3]. They were able to separate serum via electrophoresis into alpha (α), 
beta (β) and gamma (γ)-globulin fractions and showed “that the antibody function migrated with the 
γ-globulin fraction only”, paving the way for the present terminology immunoglobulin (Ig) and IgG. The 
γ-globulin portion was then fractionated by sizing columns into heavy fraction, containing IgM, and regular 
fraction, comprising IgA, IgD, IgE and IgG. 
 
3.1.1 Structure of antibodies 
Antibodies are large molecules secreted by matured, activated plasma B cells, forming in monomeric state 
a Y-shaped molecule consisting of two similar homodimerized heavy chains and two identical light chains 
(H2L2) covalently connected via disulfide bonds [4]. Each chain contains variable and constant regions, 
defining the antigen-binding specificity and the immune-mediated activities, referred to as effector 
functions. These two moieties, both consisting of Ig-like β-pleated sheets, can be further defined as Fab 
(antigen binding fragment), which is responsible for the antigen interaction, and Fc (crystallizable 
fragment), responsible for the effector functions. The largely conserved constant heavy chain regions (CH) 
are responsible for the antibodies effector functions and define the molecules isotype IgA, IgD, IgM, IgG or 
IgE. IgG and IgA can be further divided into subclasses IgA1 and IgA2 as well as IgG1-4. Each of these 
isotypes facilitate different immune-mediation mechanisms like antibody localization, polymerization or 
the interaction of the antibody with different immune cells by various Fc receptors [5]. In contrast to CHs, 
constant light chain domains (CL) which are divided into kappa (κ) and lambda (λ) domains increase the 
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diversification of the antibody repertoire and elevate the ratio of functional proteins during the B cell 
maturation rather than participate in immune-mediation activities. The Fab fragment consists of the 
N-terminal variable region of the heavy chain (VH),  followed by the constant region 1 of the heavy chain 
(CH1) and the corresponding variable (VL) and CL chain domain. The variable regions are responsible for 
antigen recognition by interaction of three variable regions of the light and heavy chain, respectively, 
termed complementarity determining regions (CDRs) [6]. These regions are diversified within B cell 
maturation by a process called somatic recombination. The CDRs of the heavy chain consist of a variable 
(V) segment (completely encoding for CDR1 and CDR2) as well as a diversity (D) and a joining (J) segment. 
Since the junctions of V, D and J are located at the third CDR (CDR3) of the VH domain, this loop displays 
the region of highest diversity. Light chain genes are recombined by V and J segments only, yielding the 
three light chains CDRs. The combination of all six CDR loops together form the antibodies 3D-paratope, 
allowing for highly specific antigen interaction [4], [6].  
The sophisticated mechanism responsible for antibody repertoire diversification is described in more 
detail in the following section. 
 
3.1.2 B cell maturation 
B cells begin to develop as pluripotent hematopoietic stem cells (HSC) in the bone marrow, where they 
differentiate i.a. into multipotent progenitor cells (MPPs), common lymphoid progenitor cells (CLP) and 
into pro-B cells due to stimuli of stroma cells [7]. These stimuli comprise interactions of specific surface 
receptors and cytokines as well as chemokines like FLT3-ligand, stem cell factor (SCF) and stromal cell-
derived factor 1 (SDF-1), to name a few [8]–[10]. In the early pro-B cells, the expression of proteins 
responsible for the Ig gen rearrangement, e.g. recombination activation genes RAG1 and RAG2, initiates the 
somatic recombination [11]. Due to specific relocalization of the V, (D) and J segments with successive DNA 
cleavage resulting in DNA double-strand breaks, the segments are finally joined via non-homologous end 
joining (NHEJ) enzymes to the final BCR, referred to as somatic recombination or receptor editing process. 
By V(D)J-gene rearrangement a various number of different antibody coding sequences are formed. Human 
chromosomes 14, 2 and 22 encode for 38-46 V, 23 D and 6 J segments for the VH domain, 34-38 V and 5 J 
segments for VLκ as well as 29-33 V and 4-5 J segments for VLλ [12]. Considering a random combination 
of any V(D)J segment and pairing with either κ or λ, a minimum total number of around 1.5x106 distinct 
antibody sequences can be generated. 
To further increase the diversity, within the single V(D)J recombination steps, nucleotide deletions as well 
as the addition of so called P (palindromic) or N (non-templated) nucleotides can occur, the latter being 
caused by maturating lymphocyte specific enzyme terminal deoxynucleotidyl transferase (TdT) [13].  
This complex maturation process results in a vast diversity of different proteins. However, this is only a 
theoretical number. Many B cells receive apoptotic stimuli because of the random gene rearrangement 
leading to a non-functional BCR or because of them dying before they encounter their corresponding 
antigen. Furthermore, due to the random joining of V(D)J segments, BCRs recognizing self-antigens will 
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occur, which are mostly removed in the bone marrow by clonal deletion or by a secondary receptor re-
arrangement to prevent self-reactive antibodies circulating in the host [14], [15]. Cells which pass the 
development checkpoints leave the bone marrow to enter peripheral circulation in secondary lymphoid 
tissues (SLTs), presenting membrane-bound IgM and IgD isotypes of their specific BCR as naïve B cells. To 
activate the B cells, an interaction with T helper cells specific for the same pathogen is necessary. Once a 
B cell encounters its specific antigen, the BCR antigen complex is taken up by endocytosis, degraded and 
followed by antigen peptide presentation on the surface via major histocompatibility complex (MHC)-II 
molecules [16]. Those peptide MHC-II complexes are again recognized by T helper cells with their specific 
T cell receptor (TCR), which respond with the expression of CD40-ligand on their surface as well as the 
secretion of specific cytokines [17], [18]. These agents promote stimuli for the proliferation, 
immunoglobulin class switch recombination, somatic hypermutations as well as the differentiation to 
antibody secreting or long-lasting memory B cells, maintaining the specific pathogen response for repeated 
infections. 
Once differentiated into plasma cells, B cells are able to secrete antibody proteins equivalent to their 
membrane-bound BCR. These proteins thereby differ by the lack of the transmembrane and cytoplasmic 
domain but harbor a short amino acid sequence called the tailpiece, which facilitates the secretion of the 
antibodies. 
 
3.1.3 Somatic hypermutation and class switching 
As mentioned above, activation of mature B cells can result in a second stage of diversification, referred to 
as somatic hypermutations (SHM), comprising a molecular mechanism to further increase the antibody 
repertoire and to concurrently “affinity maturate” the antibodies aiming at a stronger antigen interaction 
[19]. The B lymphocyte specific activation-induced cytidine deaminase (AID) is thought to be the key 
enzyme for this process, deaminating cytidines to uracil (C to U) causing an uracil:guanine (U:G) mismatch 
[20]. This mismatch triggers Ig loci mutagenic processing by base excision repair and mismatch repair 
pathways evoking transition (C to T) or transversion mutations as well as mutations spread to nearby 
adenine:thymine (A:T) pairings [21]. However, this AID-mediated process seems not to be completely 
random but orientates itself to preferentially targeted DNA “hotspot” motifs consisting of several 
nucleotides, introducing more defined mutations [22]. 
Furthermore, there is evidence that AID is a crucial component for another DNA alternation process in 
B cells, changing the constant domain to another isotype, referred to as class switch recombination (CSR) 
[19], [20]. Within several rounds of cell division, at least partly due to the appropriate activation of AID, 
CSR as an intrachromosomal deletional recombination event can change the HC from IgM and IgD to other 
isotypes. To this end, AID deaminates cytidines in HC upstream switch (S) region, consisting of tandem 
repeats of short G-rich sequences. Deamination needs to occur in both, the S region of IgM as well as of the 
acceptor isotype, inducing repair processes finally leading to DNA double-strand breaks and NHEJ, 
explained elsewhere [23]. However, an AID overexpression induces class switch from IgM to IgA without 
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additional cytokine stimulation, whereas a lack of AID causes a class switch deficiency resulting in a hyper 
IgM syndrome [24]. 
The switch to different isotypes creates a variety of antibodies with equal specificity but distinct immune-
mediation activities, helping to broaden the immune response against the pathogen and thereby steering 
function of the antibodies. Additionally, depending on the isotype, partially molecular components are 
added which support dimerization (IgA) or formation of pentamers and hexamers (IgM) and therefore 
showing additional effects on e.g. diffusion and avidity. Furthermore, the CH domain influences the stability 
of the protein, the capability of transcytosis and complement activation as well as the interaction with 
immune cells via different receptors showing varying affinities for the isotypes. These effector mechanisms 
are briefly described in the following section. 
 
3.1.4 Effector functions 
Upon binding their respective antigen with the Fab moiety, the Fc is accessible for other proteins or 
immune cells to attach and interact. As already mentioned, depending on the isotype, the interacting 
components and modes of action differ. Due to binding their complementary structures, antibodies cover 
the pathogen surface either mark it for immune cells to attack (opsonization), directly neutralize the 
pathogen, e.g. toxins or viruses, or activate a cascade of plasma proteins, the complement system, which 
again can directly lyse the pathogen or interact with immune cells [5]. For example, IgM, next to IgG, is 
primarily responsible for complement-dependent cytotoxicity (CDC). Although IgM, as first isotype of 
antibodies secreted after an infection, exhibits only moderate affinities, the multimeric structure 
compensates this issue by the inclusion of avidity effects, simultaneously acting as substantial activation 
unit for the complement cascade [25], [26]. In contrast, the dimeric IgA is the most predominant isotype in 
intestinal and respiratory outer mucus layer, crossing the epithelial cells by transcytosis capturing 
pathogens in mucus to prevent from infections [27], [28], whereas IgE plays a key role in defense against 
parasites and venoms by interaction with Fcε receptors triggering mast cell and granulocyte activation 
[29], [30]. However, the major isotype present in the human blood is monomeric IgG. Compared to other 
isotypes, IgGs exhibit a prolonged serum half-life of about three weeks. Reason for this special 
pharmacokinetic profile is the antibody recycling mechanism, elicited by interaction with the neonatal Fc 
receptor (FcRn) [31]. During this process, the IgG antibodies are internalized by cells via endo- or 
pinocytosis and bind to the FcRn receptor in the acidic environment of the endosomes. The FcRn:IgG 
complex is then transferred back to the surface where the antibody dissociates due to the physiological pH.  
Moreover, interactions with additional Fc receptors like FcγRI (CD64), FcγRII (CD32) and FcγRIII (CD16) 
highlights IgG as important isotype for the activation of innate immune cells resulting in antibody-
dependent cellular phagocytosis (ADCP) and antibody-dependent cell cytotoxicity (ADCC) [32]. ADCC is e.g. 
mediated by natural killer (NK) cells, which express the activating receptor FcγRIIIa (CD16a), recognizing 
IgG-covered cells and resulting in the release of cytotoxic perforins and granzymes as well as 
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proinflammatory cytokines like interferon-γ (IFN-γ) and tumor necrosis factor α (TNF-α) [33]. Thus, NK 
cells are important mediators, acting between the innate immunity and the adaptive immune response of 
the host and will be explained in more detail in the following section. 
 
3.2 Innate immunity 
The human defense against invading pathogens is structured in two different, constantly interacting stages, 
referred to as innate and adaptive immunity, each comprising cellular and non-cellular components to 
recognize and neutralize foreign structures. Whereas the slower adaptive immune system provides a 
pathogen-specific, long-lasting response, the innate immune system is less specific but frequently 
encountered in multi-cellular organisms. It acts as the early stage against pathogen invasions and is 
constantly present in the organisms, therefore enabling a rapid immune response. Innate immunity 
comprises continual defense lines like physical barriers of the body and antimicrobial substances as well 
as inducible protection triggered by immune cells. Skin, respiratory and gastrointestinal epithelium impede 
pathogens from penetration and express antimicrobial agents as lysozyme and defensins tackling the 
intruder as a first defense line [34], [35]. Additionally, innate immune cells contribute substantially to the 
inflammatory response by directly combatting the pathogen as well as supplying crucial stimuli for the 
activation of the pathogen-specific adaptive immune response. However, in contrast to the highly variable 
BCR and TCR, innate immune cells like NK cells can bind foreign substances among others via multifarious 
germline-encoded receptors referred to as pattern recognition receptors (PRRs) These PRRs associate with 
similar molecular patterns exposed by large groups of pathogens (like polysaccharides in bacterial cell 
walls) and are named pathogen-associated molecular patterns (PAMPs) [36]. Consequently, the innate 
immune cells act less pathogen-specific than the adaptive immunity, however, much faster, enabling an 
immediate suppression of the pathogen.  
NK cells, as part of the innate immunity, are also essentially involved in anti-tumor and anti-viral responses 
[37], [38]. Since the ability of NK cells to mediate strong anti-tumor responses is fundamental for a main 
part of this work, NK cells will be scrutinized in more detail in the following. 
 
3.2.1 NK cell development 
NK cells belong to the innate lymphoid cell (ILC) family and therefore to the lymphatic lineage, like B and 
T cells, developing from HSCs and MPPs, sharing e.g. functional characteristics but lack of the antigen-
specific receptor. NK cells were thought to mature exclusively in the bone marrow, but more recent 
evidence suggests that SLTs like tonsils, spleen, and lymph nodes play an important role in the NK cell 
development as well [39]. However, the maturation of NK cells comprises several intermediate stages of 
development, each dictated by distinct surface markers and stimuli, described in detail by Yu et al. in 2013 
and Abel et al. in 2018 [37], [40]. 
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NK cells are classically assigned to the innate immunity because they can perform pathogen-cytotoxic and 
immune-mediating activities without prior antigen contact, however, they share many attributes to 
lymphocytes of the adaptive immunity, like education and selection during their maturation as well as the 
generation of long-lived memory cells following antigen exposure, hence providing the ability to create a 
secondary recall response, elegantly described elsewhere [41], [42]. An example for this intermediate 
status of NK cells is the ability to produce INF-γ like ILC1 cells but coincidently harboring granules releasing 
cytotoxic perforin and granzymes to lyse target cells, comparable to cytotoxic CD8+ T cells [43]. 
Therefore, NK cells act as discrete effector cells in the innate immunity, enhancing the signals of the early 
pathogen recognition and mediating an immune response [44]. Because of their multidimensional nature, 
either secreting proinflammatory cytokines or directly antagonizing altered cells, NK cells represent an 
important cell population in the immunosurveillance. 
The first step to define CLP differentiation into lymphoid lineage is depicted by the expression of 
interleukin (IL)-7 receptor-alpha (IL-7Rα, CD127) in combination with other surface markers. Successive 
expression of IL-2 receptor β chain (CD122) and transcription factors like E4bp4 (Nfil3) result in the 
blockade of B cell and T cell differentiation by subsequent transcription factors expression like Id2, thus 
enabling development into cells of the ILC family [45]–[47]. ILCs do not possess somatic recombined 
receptors, but express IL-7 receptor, which is also crucial for B cell development. For further 
differentiation, survival and homeostasis, NK cells require cytokine signals, like IL-2, IL-7 and IL-15, 
mediated through the common receptor gamma-chain (γc) family members, as well as stimuli via distinct 
surface markers either transducing inhibitory or activating signals [40], [48]–[51]. IL-15 was also 
demonstrated to be crucial for the NK development process itself, since IL-15-deficient mice revealed a 
severe reduction of functional NK cells [52].  
NK cell developmental steps are commonly divided into six linear stages, however, recent evidence 
suggests a partially more flexible chronology [53], [54]. Nevertheless, the classical description defines HSC, 
MPP and CLP as the first stages, followed by NK cell developmental intermediates (NKDI) committing the 
cells to the NK lineage. The single stages are characterized by specified variations of surface marker up- 
and down-regulation like different C-type lectin superfamily members, e.g. NKG2A and NKG2D, neural cell 
adhesion molecule (NCAM, CD56), natural cytotoxicity triggering receptor 1 (NKp46, CD335), FcγRIIIa  
(CD16a, for convenience only named further on CD16) and killer-cell immunoglobulin-like receptors 
(KIRs), to mention a few. Furthermore, CD56 expression levels provide an additional classification of the 
NK cells based on their functionality [55], [56]. In development stage 5, the NK cell majority downregulates 
CD56 expression, resulting in the CD56dim subset. About 90 % of the circulating NK cells are designated as 
CD56dimCD16high and thought to be predominant in cytolytic activities, whereas the CD56bright subset is 
primarily located in SLTs showing lower levels of CD16 expression (CD16low) and demonstrate superior 
immunoregulatory capabilities [44], [57], [58]. However, i.a. Fehniger and colleagues could show that the 
supposedly less-matured CD56bright subset exhibits potent antitumor responses after prior IL-15 
sensitization, suggesting a more dynamic functionality classification of matured NK cells as supported by 
other findings as well [59], [60]. 
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As previously mentioned, surface receptors indicate the various developmental stages of the NK cells. 
Additionally, members of the surface receptors contribute to NK cell homeostasis and activation by either 
signaling inhibitory or activating stimuli upon ligand binding, described in the next section.  
 
3.2.2 NK cell homeostasis and activation 
NK cells are orchestrated by the integration of signals through inhibitory and activating receptors, building 
a fine balance for homeostasis [61]–[63]. These stimuli can be triggered by either surface cell ligands, e.g. 
inhibitory MHC molecules or activating B7-H6, or soluble agents like cytokines and antibodies [64], [65]. 
Under physiological conditions, human NK cells receive inhibitory signals mainly through interaction of 
KIRs with self-antigens represented by MHC-I molecules on normal cells. This ability to recognize and 
therefore distinguish between self and non-self is commonly referred to as “education” or “licensing” of NK 
cells [66], [67]. The origin model describes the inhibitory signals as more powerful as positive stimuli, 
hence controlling the NK cell responsiveness. However, the model was modified by Raulet and Vance in 
2006 to a “arming” and a “disarming” model [68]. They proposed the need for inhibitory signals via MHC-I 
interactions to promote NK cell development thereby being responsible for maturation and functionality. 
Therefore, NK cells lacking MHC-I specific receptors are “disarmed” and hyporesponsive to activating 
stimuli, as they are not fully matured, resulting in self-tolerance. 
Additionally, different theories for the activation of matured NK cells developed. One of the three main 
theories for NK cell activation is referred to as “missing-self” hypothesis, by which NK cells are activated 
due to the absence of inhibitory signals provided by, e.g., MHC-I molecules [69]. However, more recent 
results indicate that additional activating signals are necessary for proper NK cell responses [70]. 
Moreover, the „non-self“ recognition postulates another hypothesis of NK cell activation due to the 
identification of cell markers different from the host, e.g. differences in MHC-I molecules due to allogeneic 
tissue transplants. The third activation thesis is named “induced-self” recognition. Herein, NK cell response 
is commenced by enhanced activation stimuli with concurrent presence of MHC-I molecules due to the 
exhibition of a distinct cell surface ligand profile of pre-malignant or stressed cells, which differ from 
normal cells.  
As an example, the “missing-self” recognition occurs within diverse tumors and viral infections, when the 
expression of MHC-I molecules is downregulated to avoid foreign peptide presentation resulting in 
cytotoxic T-cells recognition and cell lysis. However, this evading strategy results in an increased NK cell 
susceptibility, which benefits from the reduced MHC-I related inhibitory stimulus, in turn elevating the 
activating signals and resulting in an “missing-self” activation [71]. 
Furthermore, the “induced-self” mechanism is e.g. simulated in diverse therapeutic approaches using 
immunoconstructs or immunoligands for the NK cell recruitment, thereby mimicking an induced-self 
condition for a NK cell response [72]–[74].  
This specific immune response in the context of NK cell activation comprises the secretion of 
proinflammatory cytokines INF-γ, TNF-α and granulocyte-macrophage colony stimulating factor (GM-CSF) 
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as well as lysis of the altered target cell, depending on the NK cell phenotype [56]. Cell lysis is either 
mediated by specific receptors inducing cell death, discussed in section Inhibitory receptors FasL and 
TRAIL, or via NK cell degranulation due to the release of granules containing lytic perforin and granzymes. 
However, the NK cell activation is only triggered if the activation stimuli exceed the inhibitory ones. To 
make sure the activation occurs only under specific circumstances like contact to an altered target cell, NK 
cell activation is tightly regulated by the interplay of a diverse set of distinct inhibitory and activating 
signals [65]. 
Because of the variety of different surface receptors on NK cells contributing to their homeostasis, only 
some of the probably most relevant receptors will be described briefly in the following. 
 
3.2.3 Inhibitory receptors 
Receptors contributing to NK cell homeostasis by the mediation of activation-suppressing signals are 
generally referred to as inhibitory receptors. They act as mediators of negative feedback to prevent from 
chronic NK activation and immunopathology by the differentiation of self and non-self antigens on 
autologous cell surfaces facilitating self-tolerance. Upon ligand binding, inhibitory receptors signal through 
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in their cytoplasmic tails, causing tyrosine 
phosphorylation and successive protein tyrosine phosphatases or lipid phosphatases recruitment, which 
can suppress activation pathway signaling [63], [75]–[77]. Inhibitory receptors on NK cells comprise i.a. 
programmed cell death protein 1 (PD-1), T cell immunoreceptor with Ig and ITIM domains (TIGIT), T cell 
surface protein tactile (tactile), NKG2A and several KIRs. 
 
Inhibitory killer-cell immunoglobulin-like receptors (KIRs) 
Several members of the KIR group interacting with MHC-I molecules function as important inhibitory 
receptors on NK cells, as the absence or downregulation of MHC enhances NK cell activation [78]. In more 
detail, human leucocyte antigen (HLA)-C associates with KIR2DL1, KIR2DL2 and KIR2DL3, while KIR2DL4 
recognizes HLA-G. Furthermore, KIR3DL1 binds to HLA-B and KIR3DL2 associates with HLA-A [79]. The 
underlying nomenclature of the KIR receptors depends on whether two or three extracellular domains (2D 
or 3D) as well as short or long cytoplasmic tails (S or L) are present. While all inhibitory KIRs contain long 
cytoplasmatic tails bearing ITIM motifs, this description further reveals their functionality, except for 
KIR2DL4 [79], [80]. In short, inhibitory KIR receptors belong to the Type I transmembrane (TM) receptors 
possessing extracellular Ig-like domains and long cytoplasmatic tails harboring ITIM motifs enabling 
inhibitory signaling.  
Although in vivo studies of the KIR2DL1-3 antibody Lirilumab demonstrated strong blocking effects on KIR 
interactions with HLA-C expressing tumor cells, clinical trials of acute myeloid leukemia failed to detect 
    
15 
any treatment benefits [81], [82]. A possible reason could be the expression of other essential inhibitory 
receptors, such as NKG2A. 
 
Natural Killer Cell Receptor Group 2 Member A (NKG2A) 
NKG2 lectin-like receptors are expressed as heterodimers with CD94 on NK cells and can either dimerize 
with NKG2A, forming an inhibitory receptor, or dimerize with NKG2C, leading to an activation signaling. 
Both receptors specifically recognize HLA-E, a non-classical MHC-I molecule [83]. HLA-E itself binds a 
restricted subset of peptides derived from classical MHC-I molecules signal peptides, which is necessary 
for its surface presentation [84]. Thus, employing CD94/NKG2A interacting with peptide complexed 
HLA-E, NK cells are able to indirectly monitor cell surface expression levels of classical MHC-I molecules. 
Additionally, besides broad expression on NK cells, NKG2A is present on some T cell subsets, including 
CD8+ T cells.  
Due to the expression on diverse immune cells, the contrary nature of HLA-E as well as its upregulation in 
diverse tumors, the suppression of the HLA-E/NKG2A interaction represents a possible approach for 
cancer immunotherapy [85], [86]. Therefore, different xenografts models were developed, in which, e.g., 
adoptively transferred human NK cells lacking NKG2A expression improved the mouse immunity to human 
HLA-E expressing sarcoma cells [87]. In addition, preclinical trials with anti-NKG2A Monalizumab 
exhibited promising results [88], [89]. Therefore, ongoing clinical trials evaluate combinatorial effects of 
Monalizumab with anti-EGFR (epidermal growth factor receptor) Cetuximab or anti-PDL1 (programmed 
cell death protein 1 ligand 1) Durvalumab [90], [91]. 
 
3.2.4 Activating receptors 
The counterparts to the inhibitory receptors are represented by a wide variety of activation-stimulating 
surface receptors on NK cells. Upon ligand binding, downstream signaling is mediated via different adapter 
molecules, either containing immunoreceptor tyrosine-based activating motifs (ITAM) like CD3ζ, FcεRIγ 
(FcRγ) and TYRO protein tyrosine kinase-binding protein (DAP-12, TYROBP or KARAP) or non-ITAM 
adapter proteins like DNAX-associated protein of 10 kDa (DAP-10) [76], [92]–[95]. As examples, the 
activation receptor NKG2D signals through its association with DAP10, which possesses YxxM non-ITAM 
motif, whereas signaling lymphocytic activation molecule (SLAM) family receptor members like 2B4 use 
immunoreceptor tyrosine-based switch motifs (ITSM) for signaling, distinct from DAP10 and ITAM YxxL/I 
motifs. The utilization of different signaling pathways by activating receptors could be a possible 
explanation for the presence of several members of activation signaling molecules, enabling the mediation 
of different responses by the NK cells [96]. However, for a sufficient cell response leading to a final NK cell 
activation, the combination of stimuli by manifold activating receptors are necessary, comprising cell 
interactions via membrane-bound ligands as well as cytokine stimulation, except for CD16 [65], [77], [97]. 
Apart from inhibitory receptors, NK cells employ a variety of different germline-encoded activating 
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receptors, such as, e.g., Fas ligand (FasL), TNF-related apoptosis-inducing ligand (TRAIL), CD16, 2B4, 
NKG2D or the natural cytotoxicity receptors (NCRs), equipping the NK cells to recognize a plethora of target 
cell alterations.  
 
FasL and TRAIL 
Fas ligand (FasL) and TNF-related apoptosis-inducing ligand (TRAIL), also known as ‘death ligands’, 
represent a perforin-independent mechanism of NK cells to kill tumor necrosis factor (TNF) receptor 
superfamily member, commonly known as ‘death receptors’, expressing target cells [98], [99]. Binding of 
NK cells via these receptors can induce target cells apoptosis, finally causing programmed cell death [100]. 
FasL expression is restricted to cytotoxic T cells and activated NK cells, whereas Fas is expressed on diverse 
tissues. Fas protein cross-linking initiates nuclear and cytoplasmic condensation, membrane blebbing, and 
caspase activation [101], [102]. 
It was shown that Fas is downregulated in many cancers during tumor progression reducing the 
susceptibility of tumor cells towards Fas-mediated apoptosis, however, more recent studies showed a 
selectively cytotoxic effect against oral cancer cells with a low FasL/Fas ratio using a Fas ligand-fused 
humanized bispecific fusion protein indicating the possibility to use Fas as apoptosis-inducing tumor target 
[103], [104]. 
Besides FasL, TRAIL represents another possibility for NK cells to induce target cell apoptosis. It is 
constitutively expressed by NK cells, either anchored as membrane-bound or released as secreted protein 
and was shown to mediate spontaneous cytotoxicity against TRAIL receptor (TRAILR1 and TRAILR2) 
expressing tumor cells due to the mediation of a pro-apoptotic signal through activation of caspases [105], 
[106].  
While rodent tumor models showed promising results, TRAIL death receptor targeting in clinical studies 
was not able to exhibit satisfying anti-tumor efficacy up to now [107], [108]. 
 
NKG2D 
NKG2D is a homodimeric activating receptor and member of the C-type lectin superfamily. It is expressed 
on subsets of T cells as well as on all NK cells and binds to cell surface glycoproteins MHC-I polypeptide-
related sequence A (MICA) and MICB as well as UL16 binding proteins (ULBPs; ULBP1 to ULBP6). These 
ligands are scarcely expressed on healthy cells but can be induced by viral infection, oxidative stress, DNA 
damage and cell transformation [109], [110]. Upon ligand binding, NKG2D signals through its adapter 
molecule DAP10 in humans initiating the recruiting p85 subunit of phosphatidylinositol 3-kinase (PI3K) 
and a complex of growth factor receptor-bound protein 2 (GRB2) and VAV1, finally enabling NK cell 
degranulation and cytokine production [111]. 
However, tumors have developed different mechanisms to evade from recognition via NKG2D surface 
ligand expression. Thus, NKG2D is thought to be important for the early tumor surveillance, since NKG2D-
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deficient mice tend to produce spontaneous malignancies, encouraging the suggestion of important early 
immunoediting events in NKG2D ligands in tumor [112]. Besides immunoediting events causing selection 
advantages of NKG2D low expressing tumor cells, NKG2D ligands can be shed from the surface. This 
reduces the expression on tumor cells helping to evade from immune recognition as well as facilitating the 
downregulation of NKG2D receptors on lymphocytes by endocytosis upon shed NKG2D ligand binding 
[113]. In contrast to that, evidence of NK activating functions of soluble ligands have emerged in mice 
promoting tumor control, indicating a more difficile role of shed NKG2D ligands [114]. 
To avoid shedding, approaches with inhibitor molecules interacting with a disintegrin and 
metalloproteinase domain-containing protein 10 (ADAM10) and matrix metalloproteinase (MMP) are 
investigated, aiming at the inhibition of NKG2D ligand shedding from tumor cells [115]. Additionally, recent 
studies using antibodies addressing the proteolytic site of MICA and MICB proteins, thus fixating the ligands 
on the cell surface, exhibited preclinical efficacy in diverse tumor models as well as a reduction of lung 
cancer metastasis [116]. 
 
FcγRIII (CD16) 
Another important granule-mediated mechanism of NK cell-targeted killing is referred to as antibody-
dependent cell-mediated cytotoxicity (ADCC). ADCC is based on the ligation of antibody Fc portions with 
cognate Fc receptors expressed on the NK cells, whereas the antibodies Fabs confer specificity and affinity 
towards their antigen. In contrast to other lymphocytes, NK cells express only activating Fc receptors, 
namely FcγRIIIa (CD16) and FcγRIIC (CD32c), and therefore are considered to be important ADCC effector 
cells [117]. While CD16 is expressed by most NK cells, CD32c is present on NK cells in only 7 to 15 % of 
healthy individuals (as a result of a single-nucleotide polymorphism (SNP)) [118]. A single SNP is also 
responsible for genotypic variations of the expressed FcRs on NK cells, for instance resulting in CD16 
polymorphic variants either harboring a phenylalanine (F) or a valine (V) at amino acid position 158. This 
amino acid exchange influences the affinity of CD16 to immunoglobulins, leading to an improved clinical 
outcome for patients with homozygosity for the higher affinity V genotype compared to F/V heterozygous 
or F/F homozygous individuals if treated with therapeutic monoclonal IgGs [119]–[121]. 
ADCC was initially described as secretion of cytotoxic perforin and granzymes leading to the lysis antibody-
coated target cells following ligation of CD16 by IgG target cells. Nowadays, ADCC is understood and used 
as a multi-tiered process involving coordinated immune cells with distinct functionalities. In case of NK 
cells, ADCC can induce different effector pathways including cytotoxic granule exocytosis and the release 
of proinflammatory cytokines, such as TNF-α and INF-γ without costimulation necessary for other 
receptors to sufficiently activate NK cells [122]. CD16 harbors only a short cytoplasmatic tail lacking ITAM 
motifs, thus depends on the association with homodimers or heterodimers of adaptor molecules CD3ζ or 
FcεRIγ within the cell membrane for appropriate activation signaling [123]. CD16 association with an 
immunoglobulin Fc portion thereby initiates the signal transduction mechanisms of NK cells comprising 
phosphorylation of the ITAM motifs on the adapter molecules cytoplasmic tails, binding of tyrosine kinases 
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ZAP-70 and Syk as well as activation of PI3K, NF-κB and ERK pathways, finally resulting in NK cell 
degranulation and cytokine secretion [124]. 
Until today, many monoclonal antibody therapies addressing distinct tumor targets like Rituximab (anti-
CD20), Trastuzumab (anti-HER2), Cetuximab (anti-EGFR) and Daratumumab (anti-CD38) are used as 
standard of care treatments for tumors and hematological malignancies, emphasizing the important role 
of ADCC in mediating anti-tumor effects [33], [125]. Furthermore, different antibody-derived platforms like 
bispecific killer engagers (BiKEs) or trispecific killer engagers (TriKEs) have developed applying anti-CD16 
moieties for ADCC mediation on NK cells, even with some proteins in ongoing clinical studies [126]–[128]. 
Analogous to NKG2D, CD16 was reported to be shed by NK cells due to activities of a disintegrin and 
metalloprotease, ADAM17. It was shown that inhibition of the metalloprotease and thereby consistent 
CD16 expression on NK cells resulted in a notable increase of intracellular cytokines. In contrast to that, 
the effect on degranulation and cytotoxicity was less [129]. This result was supported by Davis and 
colleagues in 2018, who revealed that CD16 shedding facilitates NK cell detachment from target cells, 
supporting NK cell motility and serial engagement of target cells [130]. Taken together, a higher expression 
of CD16 on NK cells seems to trigger more cytokine production, whereas lower surface expression of CD16 
may be beneficial for NK cell serial killing. 
 
Natural cytotoxicity receptors (NCRs) 
The natural cytotoxicity receptors (NCRs), comprising three Type I TM receptors belonging to the 
immunoglobulin superfamily, were identified in the late nineties of the last century by their ability to 
recognize and lyse tumor cells by human NK cells [131]–[133]. The receptors NKp30 (NCR3; CD337) and 
NKp46 (NCR1; CD335) are constitutively expressed on resting NK cells, while NKp44 (NCR2; CD336) 
requires NK cell activation for its expression. Even though the NCRs belong to the same immunoglobulin 
superfamily and perform similar functions, crystallographic characterization of the NCRs revealed 
considerable differences between the three receptors regarding their amino acid sequence and structure 
[134]. While NKp46 contains two extracellular Ig-like domains, NKp30 and NKp44 possess only one Ig-like 
domain responsible for ligand binding. All three NCR ectodomains consist of a membrane-proximal stalk 
domain and the distal ligand-binding domain. The ectodomain is suggested to possess multiple interaction 
sites to explain how the NCRs can interact with structurally diverse ligands. Positively charged amino acid 
residues in their inherent C-terminal TM domains form a salt bridge with a corresponding residue in the 
associated TM domains of the ITAM adaptor molecules necessary for signal transduction. NKp44 is the only 
NCR which associates with DAP-12, whereas NKp46 and NKp30 attach to CD3ζ or FcεRIγ forming 
heterotrimeric structures for downstream signaling [124]. 
Although the NCRs have been known for over twenty years, their ligands are less well characterized than 
those of other receptors. Hence, a lot of efforts have been made in the last years to identify ligands for these 
three activating receptors. These comprise viral-, bacterial- and parasite-derived structures as well as 
cellular ligands on stressed or tumorous cells which are barely expressed on healthy tissue [135], [136]. 
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This diverse ligand profile opens a wide field for possible therapeutic applications addressing NK cells due 
to their NCR receptors. 
 
NKp46 
The NKp46 encoding gene, NCR1, is located in the tail of the leucocyte receptor complex on 
chromosome 19, and the translated protein is the main NK cell lineage-defining activating receptor in 
mammals, whose triggering culminates in degranulation and the release of proinflammatory cytokines 
[136]. NKp46 was the first NCR identified and exists in several isoforms [137], [138]. Although NKp46 is 
primarily present on NK cells, some other cell populations were found expressing it as well. These include 
γδ T cells, ILC1 and a subset of group 3 ILCs as well as some other discrete T cell sets [139]–[143]. 
In contrast to NKp44 and NKp30, an NKp46 orthologue was identified in mice, allowing for in vivo 
assessments of this protein entitled NCR1 (mNKp46). Thus, Mandelboim and colleagues were able to 
generate NCR1 knockout mice by the replacement of NCR1 exons with a GFP reporter cassette. These mice 
died rapidly due to influenza virus infections and exhibited an increase in tumor metastasis [144], [145]. 
Additionally, other mutant mice were generated via random mutagenesis on this receptor, exhibiting 
increased resistance to viral infections due to hyperresponsive NK cells because of a mutation in the NCR1 
gene [146]. These observations show the important role of NKp46 for the immunosurveillance. However, 
NKp46 is also associated with NK and T cell lymphomas and suggested to be involved in diabetes [147]–
[149]. For these NKp46-dependent diseases, in vitro studies of anti-NKp46 antibodies were recently 
published, implying possible treatment options [150], [151]. 
To date, many distinct ligands from different pathogenic origins are described to associate with NKp46 in 
an NK cell-activating manner. It was shown that NKp46 binds hemagglutinin and hemagglutinin-
neuraminidase of diverse viruses as well as bacterial structures like vimentin expressed on mycobacterium 
tuberculosis-infected cells, inducing a NK cell-mediated lysis of these cells [152]–[156]. Furthermore, 
NKp46 ligands have been reported to be expressed on different tumors [145], [157].  
Therefore, NKp46 is used as a target for immunostimulatory approaches, by either expressing its 
ectodomains as chimeric antigen receptor on (CAR) T cells or by using an anti-NKp46 antibody entity as 
part of NK cell engagers (NKCEs) [158], [159].  
 
NKp44 
NKp44, in contrast to NKp30 and NKp46, is not constitutively expressed by resting NK cells, but is 
upregulated on NK cells if stimulated, e.g. with IL-2, IL-15 or IL-1β [160], [161]. 
NKp44 is encoded by the NCR2 gene located in the triggering receptors expressed on myeloid cells (TREM) 
receptor locus on chromosome 6 [162]. Transcription of the NCR2 gene translates into three expressed 
variants, termed NKp44-1, NKp44-2 and NKp44-3. Whereas NKp46, NKp30 and variants NKp44-2 and 
NKp44-3 harbor only short cytoplasmic tails lacking signaling motifs, only the cytoplasmic domain of 
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NKp44-1 contains an ITIM motif typical for NK cell inhibitory receptors. Thus, NKp44-1 provides the 
potential of imparting suppressing as well as activating signals as it can still couple with DAP-12 [135]. Like 
the other NCRs, NKp44 is also expressed on sets of distinct ILCs and diverse T cells. 
Several ligands of NKp44 have been identified, comprising primary flavivirus-derived and cellular 
molecules. For example, NKp44 binds specifically to envelope proteins of the West Nile virus (WNV) and 
Dengue virus, since WNV-infected cells stimulated NK cell degranulation and IFN-γ secretion in an NKp44-
dependent manner [163]. Furthermore, a new exon of the usually nuclear mixed-lineage leukemia 
protein-5 (MLL5) resulting in a protein variant with an altered C-terminal amino acid sequence, hence 
aberrantly expressed on tumors or virus-infected cells but not on healthy tissue, was identified and termed 
NKp44 ligand (NKp44L) [164]. As another NKp44 ligand, Nidogen-1 (NID1 or Entactin) usually functions 
as extracellular matrix linker, stabilizing and assembling the basement membrane. If present in soluble 
form, this ligand might impair NK cell function as seen in serum from patients with ovarian and lung cancer 
[165], [166].  
 
NKp30 
NKp30 is encoded by the NCR3 gene located in the highly polymorphic telomeric end of the class III region 
of human MHC locus. Its transcription generates several mRNA splice variants finally translated into three 
constitutively expressed isoforms NKp30a, NKp30b, and NKp30c, which differ in length of their 
cytoplasmic domain [135]. Out of all, NKp30a and NKp30b are the ones which act immunostimulating, 
whereas NKp30c is found to be immunosuppressive [167]. Although the isoforms are concurrently 
expressed on NK cells, the canonical role for the dominant splice variant is NK cell activation culminating 
in cytokine release and degranulation. Besides NK cells, NKp30 is expressed on other lymphocytes like a 
set of CD8+ T cells, expanded peripheral blood γδ T cells (Vδ1+) and umbilical cord blood T cells cultured 
in IL-15 [168]–[170]. 
To date, several ligands for NKp30 are known, comprising viral structures like hemagglutinin of human 
vaccinia virus or human cytomegalovirus protein pp65, both acting as antagonists, or the parasites Duffy 
binding-like-1 α domain of Plasmodium falciparum erythrocyte membrane protein-1, which mediates NK 
cell lysis of infected cells [171]–[173]. Furthermore, fungal structures such as β-1,3 glucan of Cryptococcus 
neoformans and Candida albicans as well as cellular ligands, e.g. B7-H6, which is upregulated in altered and 
stressed cells, induce direct killing by NK cells via NKp30 engagement [174]–[176]. 
Interestingly, there is evidence that the stalk domain of NKp30 contributes to the ligand binding and 
increases its affinity for cellular ligands BAG6 and B7-H6 [177], [178]. 
Furthermore, it has been shown that NKp30 is a promising receptor for immunostimulatory approaches, 
enhancing immune engagement by increased NK cell-mediated target cell cytotoxicity via combination of 
therapeutic antibodies with recombinant immunoligand B7-H6, generation of CAR T cells based on NKp30 
receptor or, as recently published, incorporating anti-NKp30 antibody entities in TriKEs [179]–[183]. 
    
21 
B7-H6 as natural ligand of NKp30 is another essential part of this work, therefore, this protein is described 
in more detail within the next section. 
 
3.3 B7-H6 
Natural cytotoxicity triggering receptor 3 ligand 1, also known as B7-H6 (or B7H6). is a natural ligand of 
NKp30. B7-H6 belongs to the B7 family and possesses two extracellular Ig-like domains similar to other 
members of this group, which can be divided into a membrane distal Ig variable-like domain and membrane 
proximal Ig constant-like domain [184]. For the association, the front and back β-sheets of the NCR interact 
with the cognate CDR-like loops of B7-H6 variable-like domain, thus engaging B7-H6 in an antibody-like 
manner. 
Besides expression on a wide range of tumor cells and on a small set of proinflammatory monocytes and 
neutrophils upon stimulation with proinflammatory cytokines such as IL-1b and TNF-α or ligands of Toll-
like receptors, B7-H6 expression on healthy cells is found to be neglectable [176], [185].  
Additionally, B7-H6 expression is upregulated on cells as reaction to disfunctions such as endoplasmic 
reticulum stress or due to cancer treatment with chemotherapy, targeted therapy or radiation therapy after 
initial tumor evasion, to serve as mode of immunosurveillance, thereby turning immune-cold into 
immune-hot tumors [186], [187]. 
In contrast to the B7-H6 surface expression upregulation, mechanisms of NK cell evasion by B7-H6 
downregulation have been found in virus infections like human cytomegalovirus and human herpesvirus 6 
[188], [189]. Similarly, some tumors use metalloprotease-mediated shedding of B7-H6 from their surface 
to escape immune cell recognition, which is also associated with reduced NKp30 expression and 
dysfunction due to chronic engagement of NK cells, resulting in poor patients’ overall survival [190], [191]. 
Furthermore, soluble B7-H6 was detected in the sera of patients with gram-negative sepsis suggesting a 
B7-H6-dependent NK cell inhibition during inflammation [185].  
However, it was demonstrated that the engagement of NKp30 upon B7-H6 binding is sufficient for NK cell 
activation resulting in degranulation and secretion of proinflammatory cytokines, as shown by NKp30-
dependent NK cell-mediated killing of B7-H6 expressing human erythroleukemic K562 cells [176]. 
For this reason and the aforementioned restricted expression on stressed cells, NKp30 engagement via 
B7-H6 seems to be a promising approach for possible immunotherapies. To this end, conceptual 
approaches were evaluated by Peipp and colleagues involving the fusion of B7-H6 ectodomain to an 
antibody single chain variable fragment (scFv) either addressing human epidermal growth factor 2 (HER2) 
on HER2-positive breast cancers or targeting CD20 on B cell lymphomas, revealing specific target-
dependent cellular cytotoxicities [72], [179], [180]. 
Based on these results and the observations of Yili Li et al. [184], who determined a low affinity of B7-H6 
to its cognate receptor NKp30 with a dissociation constant of approximately 1 µM, one major task of this 
study was to assess if an increased affinity of B7-H6 to NKp30 translates into an improved NK cell-mediated 
cytolyses using a bispecific antibody-like scaffold.  
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3.4 Surface display systems 
A modified version of the following section has been submitted by our group and has recently been 
accepted for publication as book chapter in Introduction to Antibody Engineering Rüker & Wozniak-Knopp 
(eds) (see chapter 6.5 and 7.5) 
Besides Hybridoma technology, which still remains state-of-the-art in antibody hit discovery, several 
display technologies have emerged during the last decades that were inspired by the work of Köhler and 
Milstein, who fused single antibody expressing B cells with immortal myeloma cells, resulting in culturable 
monoclonal antibody (mAb) expressing hybridoma cells [192]. 
Until now, distinct display systems have been described, comprising non-cellular systems like mRNA 
display, ribosomal display and DNA display, as well as cellular systems like phage display and yeast surface 
display. The most essential feature of these in vitro selection platforms relies on genotype phenotype 
coupling, allowing for backtracking of the represented protein selected by its biophysical properties to its 
genetic code. Thus, all display systems simulate the B cell maturation cycle in vivo, aiming at the 
amplification of desired candidates matching the requirements. Since display systems have been developed 
for more than thirty years, they can be applied for manifold and complex approaches like affinity 
maturation, screening for pH-sensitive binding or for peptides recognizing chemical modifications, small 
molecules or toxins [193]–[195]. However, the identification of appropriate proteins with prescribed 
properties via surface display methodologies still remains laborious and challenging, since large diversities 
created by either naïve, immunized or synthetic repertoires need to be screened [196]. 
 
3.4.1 Phage Display 
Based on the idea of George P. Smith, who fused the genetic code of oligo-peptides to the minor coat 
protein III (pIII) gene of filamentous E. coli phage M13, Sir Gregory P. Winter refined this methodology for 
antibody engineering, thereby generating the first and still most frequently used in vitro selection system 
named phage display [197].  
In the classical phage display approach, the initial step is the library construction. For this, the desired 
proteins, e.g. antibodies, are cloned as a protein::pIII fusion into a plasmid, referred to as “phagemid” in 
Escherichia coli (E. coli). By separating the protein::pIII fusion from other cis-acting elements for phage 
replication and packaging, a more flexible system was achieved. Most of the phage display systems 
available today still rely on the classical fusion to pIII, thus reflecting the robust and versatile system of the 
protein::pIII fusion [198].  
After cloning, the resulting E. coli library is infected with helper phage providing the necessary components 
for final assembling of the phagemid into phage particles and subsequent protein display on their surface 
[198], [199]. This crucial step for protein presentation on the phage surface was significantly enhanced by 
Dübel and colleagues, who developed an improved helper phage system, the so-called “hyperphage” [200]. 
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When the phagemid containing bacteriophages display the translated fusion proteins on their surface, the 
“panning” step is employed, meaning that the bacteriophages displaying the respective library candidates 
are incubated with immobilized antigen. While the antigen-specific variants associate with the target 
protein, the unspecific molecules are removed by washing steps. Within this process, chemical, biological 
and physical parameters, such as pH, competitor or temperature, can be adjusted, to force the isolation of 
protein with desired properties. After elution of the antigen-specific bacteriophages, E. coli cells are 
infected once more, enabling the amplification of the enriched protein candidates for iterative phage 
display rounds. 
Phage display allows for the rapid generation of libraries in the range of more than 1011 variants and the 
utilization of different antibody scaffolds [201]–[206]. However, due to the utilization of a prokaryotic 
folding machinery in E. coli, the production of complex structures like full-length antibodies remains 
challenging. 
Until today, phage display enabled the isolation of several biologics which are in clinical and preclinical 
stages or even been granted market approval [207]. As an example, the commercially most successful fully 
human antibody Adalimumab was engineered by phage display, as was the 2011 by FDA-approved B cell-
activating factor inhibiting antibody Belimumab [208], [209]. 
 
3.4.2 Yeast Surface Display 
The yeast surface display (YSD) technology was described for the first time by Boder and Wittrup in 1997. 
This process utilizes the eukaryotic yeast strain Saccharomyces cerevisiae for the cell surface display of the 
protein of interest (POI) [210]. The expression of the POI is mediated by the genetical fusion to surface 
anchor proteins like a-agglutinin of S. cerevisiae, which normally mediates cell adhesion contact to other 
yeast cells during the mating process [211], [212]. This glycoprotein consists of two subunits, of which 
Aga1p is linked to the cell membrane via a glycosylphosphatidylinositol (GPI) anchor and is covalently 
linked to subunit Aga2p by two disulfide bridges [213]. Fusion of the POI to subunit Aga2p consequently 
enables the surface presentation and attachment to the yeast cell surface. To reliably induce the expression 
of the POI on the yeast cell surface, Boder and Wittrup developed a system well established today, in which 
the expression of both Aga1p, integrated in the yeast genome, as well as Aga2p, linked to the POI and 
expressed from a display plasmid, is controlled by a galactose-inducible promotor. 
Due to the eukaryotic background of yeast cells, which provides an adequate protein-folding machinery, 
even more complex structures like whole IgG1 antibodies can be displayed [214]. Additionally, other 
structures like antibody scFv, Fabs or Nanobodies can be presented on the cell surface [215]. 
Initially, a diversity of the POI is used for the transformation of yeast cells, followed by a cell metabolism 
switch due to a change of the carbon source glucose to galactose, thereby inducing the POI expression. 
Then, the yeast cells can be screened via FACS for cells displaying an POI with desired properties, which 
represents another advantage of YSD over classical biopanning. Typically, in FACS screenings, distinct 
fluorescence dyes are used for antigen labeling as well as dyes to check the protein display on the yeast 
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cells by, e.g., genetic implementation of a HA tag into the expression plasmid and the use of fluorescently 
labeled antibodies directed against it. These dyes can be detected simultaneously, thus allowing for the 
detection as well as quantification of the fluorescence signals from each yeast cell, further enabling the 
collection of double positive cells (antibody-presenting and antigen-binding) [216]. During several rounds 
of sorting, the antigen-specific diversity can be increased. Further, by adjusting the sorting stringency via, 
e.g., gating strategy or a decrease in antigen concentration, cells matching predefined characteristics such 
as high-affinities variants can be enriched [217]. The applicability of YSD for affinity maturation was 
already demonstrated by Boder and Wittrup in 1997 with studies on a fluorescein-binding scFv and further 
validated by Wittrup and colleagues in 2000 with the identification of an antibody with affinities among 
the highest reported so far [210], [218]. 
Besides the maturation of antibody affinities, YSD was utilized to enhance the affinity of ligands to their 
cognate receptors, such as epidermal growth factor (EGF) or interleukin-2 (IL-2) with affinities increased 
up to thirtyfold for EGF receptor and IL-2 receptor alpha subunit, respectively, or an affinity enhanced 
approximately up to 50,000-fold of a signal-regulatory protein α (SIRPα) variant to the integrin associated 
protein (IAP, CD47), giving clear evidence that YSD application is not restricted to antibody scaffolds [219]–
[221]. 
 
3.5 Bispecific antibodies and immunoligands 
As briefly mentioned in chapter 3.4, Köhler and Milstein provided the basis for modern immune therapies 
with their research on mAb production, paving the way for more than 80 antibody therapeutics which have 
been granted market approval until today [222]. 
However, due to their monospecific structure enabling the binding of only one target, mAbs provide only a 
constrained mode of action limiting their efficacy in complex, multifactorial-originated diseases [223], 
[224]. To this end, more flexible and multi-specific scaffolds, such as bispecific antibodies (bsAbs), were 
developed, of which three bsAbs have already been granted market access and over 85 are under clinical 
investigation (as of 2019) [225]–[227].  
As another possible therapeutic approach, bispecific immunoligands emerged, comprising at least one 
natural ligand-derived entity, whereas bsAbs comprise two physically connected single-binding antibody 
moieties enabling the simultaneous binding of two different structures [74], [228]. The choice whether to 
employ a bsAb or bispecific immunoligand as well as the final molecule format thereby influences its 
properties regarding processability, pharmacokinetics and pharmacodynamics [226], [229]–[231]. The 
latter, for instance, is suggested to be influenced by size and affinity of the bispecific molecules, altering 
shape and duration of the immunological synapse. [232]–[234]. 
All these bispecific proteins allow applications like addressing of distinct epitopes, blocking of different 
disease mediators or recruitment of immune cells to a specific target, which was, e.g., shown to receive 
curative outcomes for patients with minimal residual disease B cell precursor acute lymphoblastic 
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leukemia by treatment with bispecific T cell engager Blinatumomab [235], [236]. Besides T cells, other 
immune cells like NK cells can be exerted for this approach of immune cell redirection, which was, e.g., 
utilized by Peipp and colleagues employing bispecific immunoligands, exhibiting promising in vitro results 
[72], [179], [180]. In these studies, tumor-associated antigens targeting scFv antibody moieties were 
physically connected to NK cell activation receptor binding ligands. The advantage of these “Fc-less” 
formats relies on their small size allowing better tissue penetration as well as facile manufacturability due 
to expression of a single polypeptide chain. But the lack of the Fc portion is yet the main drawback of these 
bispecifics, as they cannot provoke Fc-mediated effector functions like ADCC or FcRn recycling, thereby 
evincing shorter plasma half-life influencing their therapeutic activities [237]. In contrast, the IgG-based 
bispecific constructs incorporating antibody Fc portions show prolonged half-life but struggle with 
mispairing of heavy chains (HCs) and light chains (LCs) during expression. To bypass this issue, different 
techniques evolved, which are explained elsewhere [226], [227], [238]. 
To overcome HC homodimerization in IgG-based bispecific molecules consisting of two distinct “half” 
antibodies each comprising a single HC and cognate LC to form the specific paratope, strategies like “knobs-
into-holes” (KiH) or Strand-Exchange Engineered Domain (SEED) were developed. To force HC 
heterodimerization, KiH utilizes the introduction of bulky amino acid residues to one HC to form a “knob” 
and smaller residues on the opposite chain creating the shape of the complementary “hole” [239]. In 
contrast, by engineering of alternating IgA and IgG segments in the CH3 domains of both HCs, the SEED 
technology allows for heterodimerization due to the assembly of the resulting anti-parallel CH3 domains 
[240], [241]. 
Besides the homodimerization of HC, the two different LC in classical Fab-derived IgG-like bispecific 
antibodies can lead to mispairings, resulting in loss of affinity or even abrogation of antigen binding. This 
issue can be addressed by the incorporation of artificial, non-native linker sequences, connecting the heavy 
and light chain, like in scFv or scFab formats [242]. Another approach is based on domain crossover of CH1 
and CL in a Fab moiety to obtain correct LC pairing, referred to as CrossMab [243]. 
A more extensive technology employs transgenic rodents, e.g. OmniFlic® rats, harboring a full human 
antibody VH diversity but only a single functional “common” LC [244]. Consequently, a bispecific antibody 
can be produced with only one LC, bypassing the LC mispairing issue. Besides these briefly described 
examples, other technologies for correct LC pairing have been developed, which are described elsewhere 
[238]. 
Additionally, another approach circumventing HC homodimerization and LC mispairing is the utilization of 
camelid nanobodies (VHH)- or VH-based IgG-like bispecific antibody platforms [245], [246]. The exchange 
of the antibodies VH and VL by VHH domains creates a bispecific antibody without the need of VL 
contribution. Hence, if expressed as IgG-like protein, a bispecific bivalent molecule with an intact Fc portion 
is formed. It was recently shown by our group that even a one-armed molecule of this format, thereby 
possessing monovalent bispecificity, was able to recruit and activate NK cells [246]. 




Since the groundbreaking invention of the hybridoma technology in 1975 by Köhler and Milstein, extensive 
studies have enabled the generation of antibodies for distinct applications, such as laboratory and 
diagnostic tools and as therapeutic entities. Nowadays, a plethora of possibilities is available for the 
creation of different antibody and antibody-like structures, regarding their origin, format and biophysical 
properties, to name a few. Alongside, technologies facilitating the identification of specific antibodies with 
desired properties evolved, allowing for screenings of diversities obtained from immune, naïve or 
(semi-)synthetic libraries. However, search for appropriate antibodies during the pre-clinical phase still 
remains laborious and challenging. One aim of this study was the expansion of the existing phage and yeast 
surface display technology to streamline the hit-discovery process by the implementation of an optimized 
library generation approach. For this purpose, the Golden Gate Cloning (GGC) methodology was utilized for 
the generation of a combinatorial antibody library in a one-step process, bypassing the classical multi-step 
process for library generation. In more detail, the common approaches for the generation of combined VH 
and VL repertoires for phage and yeast surface display rely on execution of several successive cloning steps. 
One objective of this work was the simplification of this process by the application of a “one-pot” GGC 
reaction, while maintaining quality standards such as library functionality and number of hits. Moreover, 
the applicability of this optimized library generation approach should be tested for the facile generation of 
distinct antibody formats as well as different diversity sources. 
The discovery of unique camelid heavy chain antibodies (hcAb) and their binding domains, referred to as 
nanobodies or VHHs, enables the generation of mono- and bispecific antibody structures devoid of light 
chains. In this context, Baty and colleagues published a proof of concept bispecific VHH-based Fab-like 
format utilizing the constant domains Cκ and CH1 of IgG as natural dimerization domains in 2013. 
According to this, IgG-like SEED bispecific VHH-based antibodies were created within this work via the 
replacement of VH and VL by different VHH domains. This allows the generation of full-length bi- and 
trispecific antibodies with adjustable valences for their cognate antigens. The generation and assessment 
of this novel VHH-antibody platform regarding its processability and biophysical properties of antibodies 
created was another aim of this work. Furthermore, the applicability of these molecules in the context of 
immune cell recruitment towards tumor cells should be examined in this work with exemplarily chosen 
immune therapy-relevant NK cells. 
With respect to immune cell recruitment, bispecific immunoligands have attracted continual interest 
besides bsAbs, especially for the redirection of NK cells in cancer indications. It has been shown by Peipp 
and colleagues that NK cells can be recruited and simultaneously activated by the engagement of NKp30 
via its natural ligand B7-H6 if used as bispecific immunoligand. It was also described by other groups that 
YSD has been successfully applied for the affinity maturation of polypeptides different to antibody 
molecules. Another essential part of this study was the affinity maturation of B7-H6 via YSD and the 
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assessment of the hypothesis that increased affinity of B7-H6 for NKp30 may translate into an enhanced 
NK cell cytolysis as well as an augmented secretion of proinflammatory cytokines.
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6.5 Antibody Display Systems 
Antibodies are promising tools for biomedical applications. With respect to functionality, scientists 
nowadays have a plethora of options to tailor-make therapeutic antibodies with prescribed properties. 
Besides Hybridoma technology, which is still state-of-the-art for antibody hit discovery but that also has 
intrinsic limitations regarding throughput, several other promising methodologies emerged. All of these 
have in common that they couple the phenotype i.e. the binding properties of an antibody to its genotype, 
the genetic information that encodes for that particular moiety. In this chapter, the reader will learn about 
the most commonly applied technologies for antibody hit discovery. 
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7 Supporting information 
 
7.1 Facile generation of antibody heavy and light chain diversities for yeast surface 
display by Golden Gate Cloning 
 
Supplementary Information: Facile generation of antibody heavy and light chain diversities for 
yeast surface display by Golden Gate Cloning 
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Harald Kolmar1, Simon Krah2* and Stefan Zielonka2*  
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Strasse 4, D-64287 Darmstadt, Germany 
2Protein Engineering and Antibody Technologies, Merck KGaA, Frankfurter Strasse 250, D-64293 
Darmstadt, Germany 
3Discovery Pharmacology, Merck KGaA, Frankfurter Strasse 250, D-64293 Darmstadt, Germany 
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Supplementary Figure 1: Multiple sequence alignment of domain VH for GGC-derived library after 
enrichment against CEACAM6. CDR-H1, CDR-H2 and CDR-H3 are highlighted as well as clones 
falling into distinct sequence clusters. Alignment was performed using Geneious Alignment, Cost 
Matrix (1.0/0.0), Gap open penalty: 12, Gap extension penalty 3 and Refinement iterations 1 using 
Geneious 10.0.5 software (www.geneious.com).  
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Supplementary Figure 2: Multiple sequence alignment of VLλ for GGC-derived library after 
enrichment against CEACAM6. CDR-L1, CDR-L2 and CDR-L3 are highlighted. Alignment was 
performed using Geneious Alignment, Cost Matrix (1.0/0.0), Gap open penalty: 12, Gap extension 
penalty 3 and Refinement iterations 1 using Geneious 10.0.5 software (www.geneious.com).  
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Supplementary Figure 3: Multiple sequence alignment of domain VH for YM-derived library after 
enrichment against CEACAM6. CDR-H1, CDR-H2 and CDR-H3 are highlighted as well as clones 
falling into distinct sequence clusters. Alignment was performed using Geneious Alignment, Cost 
Matrix (1.0/0.0), Gap open penalty: 12, Gap extension penalty 3 and Refinement iterations 1 using 
Geneious 10.0.5 software (www.geneious.com).  
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Supplementary Figure 4: Multiple sequence alignment of VLλ for YM-derived library after enrichment 
against CEACAM6. CDR-L1, CDR-L2 and CDR-L3 are highlighted. Alignment was performed using 
Geneious Alignment, Cost Matrix (1.0/0.0), Gap open penalty: 12, Gap extension penalty 3 and 
Refinement iterations 1 using Geneious 10.0.5 software (www.geneious.com).  




Supplementary Figure 5: Binding kinetics of human IgG variants (C1 – C5) and chimeric 
chicken/human IgG moieties (E1, E2, H1, H2) as determined by Bio-Layer Interferometry and an 
Octet® RED96 system. C1-C5: Cluster representatives selected against CEACAM6, E1, E2: Variants 
obtained from EGFR library, H1, H3: Molecules derived from hCG library sorting. Fitting (red lines) of 
binding curves (colored lines) was calculated using a 1:1 binding model and Savitzky-Golay filtering.  




Supplementary Figure 6: Screening output of chimeric chicken/human YSD Fab immune libraries. 
Cells were stained after two rounds of sorting for antigen binding and Fab surface expression. 
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Supplementary Figure 7: Multiple sequence alignment of domain VH for GGC-derived chimeric 
chicken/human Fab library after enrichment against EGFR. CDR-H1, CDR-H2 and CDR-H3 are 
highlighted. Alignment was performed using Geneious Alignment, Cost Matrix (1.0/0.0), Gap open 
penalty: 12, Gap extension penalty 3 and Refinement iterations 1 using Geneious 10.0.5 software 
(www.geneious.com).  
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Supplementary Figure 8: Multiple sequence alignment of VL for GGC-derived chimeric 
chicken/human Fab library after enrichment against EGFR. CDR-L1, CDR-L2 and CDR-L3 are 
highlighted. Alignment was performed using Geneious Alignment, Cost Matrix (1.0/0.0), Gap open 
penalty: 12, Gap extension penalty 3 and Refinement iterations 1 using Geneious 10.0.5 software 
(www.geneious.com).  
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Supplementary Figure 9: Multiple sequence alignment of domain VH for GGC-derived chimeric 
chicken/human Fab library after enrichment against hCG. CDR-H1, CDR-H2 and CDR-H3 are 
highlighted. Alignment was performed using Geneious Alignment, Cost Matrix (1.0/0.0), Gap open 
penalty: 12, Gap extension penalty 3 and Refinement iterations 1 using Geneious 10.0.5 software 
(www.geneious.com).  
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Supplementary Figure 10: Multiple sequence alignment of VL for GGC-derived chimeric 
chicken/human Fab library after enrichment against hCG. CDR-L1, CDR-L2 and CDR-L3 are 
highlighted. Alignment was performed using Geneious Alignment, Cost Matrix (1.0/0.0), Gap open 
penalty: 12, Gap extension penalty 3 and Refinement iterations 1 using Geneious 10.0.5 software 
(www.geneious.com).  
 
    
182 
Supplementary Table 1: Comparison of the functionality of VH and VL clones in YSD libraries 
constructed by GGC or the YM approach.  
Library 
Functionality [%] 
VH repertoire VLλ repertoire 
Golden Gate Cloning (GGC) 90.4 78.8 
Conventional (YM) 92.1 73.2 
 
Supplementary Table 2: Oligonucleotide primers used in this study.  
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7.2 A One-Step Process for the Construction of Phage Display scFv and VHH 
Libraries  
 
Supplementary Information: A one-step process for the construction of Phage Display scFv and 
VHH libraries 
Carolin Sellmann1*, Lukas Pekar1*, Christina Bauer1, Elke Ciesielski1, Simon Krah1, Stefan Becker1, 
Lars Toleikis1, Jonas Kügler2, André Frenzel2, Bernhard Valldorf3, Michael Hust2,4 and Stefan 
Zielonka1+ 
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64293 Darmstadt, Germany 
2YUMAB GmbH, Inhoffenstraße 7, D-38124 Braunschweig, Germany 
3Chemical and Pharmaceutical Development, Merck Healthcare KGaA, Frankfurter Strasse 250, D-
64293 Darmstadt, Germany 
4Technische Universität Braunschweig, Institut für Biochemie, Biotechnologie und Bioinformatik, 
Spielmannstr. 7, D-38106, Braunschweig, Germany 
 
*These authors contributed equally to this work 
 
+ To whom correspondence should be addressed: Stefan Zielonka, Protein Engineering and Antibody 
Technologies, Merck KGaA, Frankfurter Strasse 250, D-64293 Darmstadt, Germany, E-mail: 
Stefan.Zielonka@merckgroup.com 




Figure S1: Schematic overview of the one-step generation process of phage display plasmids for the 
construction of VHH-derived single domain antibody libraries. The destination plasmid 
(pPD_Dest_SapI) as well as the PCR-amplified VHH repertoire contains or is flanked by SapI 
recognition sites in opposite orientations (S: GCTCTTCN, S: NGAAGAGC). Complimentary overhangs 
i.e. signature sequences (SigX) after SapI digestion enable the defined one-pot assembly during ligation 
resulting in the final display plasmid (pPD_Expr). ColE1: origin of replication. f1: origin of replication. 
AmpR: Ampicillin resistance gene, pelB: leader sequence. Linker: amino acids AAAGS, Myc: c-Myc 
epitope EQKLISEEDL, His: hexahistidine tag, TS: trypsin site KDIR, gIII. gene encoding for phage 
protein pIII. Note that an amber stop codon is introduced between the hexahistidine tag and the trypsin 
site. 




Figure S2: Western Blot analysis of different camelid-derived single domain VHH libraries as displayed 
on the surface of phage particles. M: marker; H1, H2, H3: Helper phage (109, 108, 107 phage particles 
loaded on the gel; L1.1: Llama 1 VHH sub-library short hinge; L1.2: Llama 1 VHH sub-library long 
hinge; L2.1: Llama 2 VHH sub-library short hinge; L2.2: Llama 2 VHH sub-library long hinge; C: 
Chicken-derived ScFv library. For each library, 109 phage particles (pfu) were loaded on the gel. Bands 
corresponding to pIII, VHH:pIII fusion and ScFv:pIII fusion are indicated by arrows. Western Blot was 
developed with mouse anti-pIII antibody (MobiTec) and peroxidase conjugated goat anti-moise antibody 
(Jackson Immuno Research).   
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Figure S3: Multiple sequence alignment of VH after panning the EGFR-immunized chicken scFv 
library via Phage Display. Clusters are indicated. For calculation of unique clones, sequences containing 
ambiguities (X) where not taken into account. Sequences containing stop-codons or frame-shifts were 
excluded from analysis. Alignment was created using MUSCLE Alignment tool within Geneious Prime 
software (www.geneious.com).  
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Figure S4: Multiple sequence alignment of VL after panning the EGFR-immunized chicken scFv library 
via Phage Display. For calculation of unique clones, sequences containing ambiguities (X) where not 
taken into account. Sequences containing stop-codons or frame-shifts were excluded from analysis. 
Alignment was created using MUSCLE Alignment tool within Geneious Prime software 
(www.geneious.com).  




Figure S5: ELISA screening after microtiter production of selected chicken scFv library candidates in 
E. coli. Black: ELISA signal against EGFR, grey: Absorbance at 450 nm against unrelated negative 
control antigen. 




Figure S6: (A) Binding kinetics of phage display-derived anti-EGFR scFvs (78_H06-70_B02) and 
VHHs (75_A11-75_H11) as determined via BLI. Antibody binders were loaded onto AHC tips. 
Association was measured against soluble human EGFR (ECD, concentration range: 100 nM – 6.25 
nM)). (B) Species-crossreactive binding against recombinant human EGFR (ECD, black) and 
recombinant mouse EGFR (ECD, red) for given antibody derivatives. Antibodies were captured onto 
AHC tips. Binding was measured at a concentration of 100 nM antigen. 




Figure S7: Multiple sequence alignment of VHH after panning the EGFR-immunized Llama-derived 
VHH libraries via Phage Display. For calculation of unique clones, sequences containing ambiguities 
(X) where not taken into account. Sequences containing stop-codons or frame-shifts were excluded from 
analysis. Alignment was created using MUSCLE Alignment tool within Geneious Prime software 
(www.geneious.com).  




Figure S8: ELISA screening after microtiter production of selected camelid VHH library candidates in 
E. coli. A representative block of 188 consecutive clones as assessed by ELISA is shown. Black: ELISA 
signal against EGFR, grey: Absorbance at 450 nm against unrelated negative control antigen. 
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Table S1: Oligonucleotide primers used in this study. TypeIIs restriction sites are shown in italic, 
resulting overhangs i.e. signature sequences are underlined. 
















Table S2: Signature sequences 
Name Sequence (5′–3′) 










Table S3: Output titers during Phage Display panning. 
Library Primer/Germline Round 1 [cfu] Round 2 [cfu] Round 3 [cfu] 
Chicken scFv - 1 x 106 0.7 x 106 1 x 104 
Llama 1 VHH Short hinge 4 x 106 5 x 106 3 x 104 
 Long hinge 10 x 106 8 x 106 2 x 105 
Llama 2 VHH Short hinge 4 x 105 7 x 106 3 x 105 
 Long hinge 2 x 106 5 x 105 3 x 105 
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7.3 Biophysical and biochemical characterization of a VHH-based IgG-like bi- and 
trispecific antibody platform 
 
Supplementary Information: Biophysical and biochemical characterization of a VHH-based IgG-
like bi- and trispecific antibody platform 
 
Lukas Pekar1, Michael Busch2, Bernhard Valldorf3, Steffen C. Hinz1, Lars Toleikis4, Simon Krah4, 
Stefan Zielonka4+ 
 
1Institute for Organic Chemistry and Biochemistry, Technische Universität Darmstadt, Alarich-Weiss-
Strasse 4, D-64287 Darmstadt, Germany 
2Discovery Pharmacology, Merck KGaA, Frankfurter Strasse 250, D-64293 Darmstadt, Germany 
3Chemical and Pharmaceutical Development, Merck KGaA, Frankfurter Straße 250, D-64293 
Darmstadt, Germany 
4Protein Engineering and Antibody Technologies, Merck KGaA, Frankfurter Strasse 250, D-64293 
Darmstadt, Germany 
 
+ To whom correspondence should be addressed:  
Stefan Zielonka, Protein Engineering and Antibody Technologies, Merck KGaA, Frankfurter Strasse 
250, D-64293 Darmstadt, Germany, E-mail: Stefan.Zielonka@merckgroup.com 




Fig. S1: (A) Amino acid sequences of VHHs used in this study. HER2-specific VHH_2Rb17c sequence 
was obtained from WO2016016021, EGFR_722C03 was generated by combining camelid 
immunization and yeast surface display, EGFR_9G8 was derived from PDB:KRP and NKG2D_ET1F08 
from WO2017081190. (B) Design examples of VHHs as grafted on constant regions of human 
antibodies (IgG1). 
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Table S1: Binding affinities (KD) and corresponding on-rates (Kon) and off-rates (Koff) for each 
paratope of the antibody molecules tested in this study. Every KD value was determined individually 










































Ctrl1 F EGFR 
(9G8) 
- - 1.36E-09 2.01E+05 2.72E-04 - - - - - - 
Ctrl2 F NKG2D - - 7.32E-09 9.45E+05 6.92E-03 - - - - - - 
Ctrl3 F HER2 - - 1.09E-08 2.08E+05 2.26E-03 - - - - - - 
Ctrl4 F EGFR 
(722C03) 
- - 2.20E-09 3.05E+05 6.71E-04 - - - - - - 
MoBi1 C (Kappa) EGFR 
(9G8) 





NKG2D - 1.54E-09 1.84E+05 2.84E-04 6.18E-09 2.36E+05 1.46E-03 - - - 
MoBi3 C (Kappa) NKG2D EGFR 
(9G8) 





- 4.37E-09 2.71E+05 1.18E-03 1.47E-09 1.75E+05 2.58E-04 - - - 
MoBi5 C (Kappa) NKG2D EGFR 
(722C03) 





- 9.87E-09 2.44E+05 2.41E-03 2.60E-09 2.78E+05 7.23E-04 - - - 
MoBi7 C (Kappa) EGFR 
(9G8) 





HER2 - 1.42E-09 2.29E+05 3.26E-04 8.11E-09 1.14E+06 9.24E-03 - - - 
MoBi9 C (Kappa) EGFR 
(722C03) 





HER2 - 2.49E-09 3.09E+05 7.67E-04 1.28E-08 7.17E+05 9.17E-03 - - - 
MoBi11 C (Kappa) NKG2D HER2 - 1.44E-08 1.72E+05 2.48E-03 1.03E-08 9.22E+05 9.51E-03 - - - 
MoBi12 C 
(Lambda) 
NKG2D HER2 - 1.65E-08 1.82E+05 3.00E-03 6.56E-09 1.12E+06 7.37E-03 - - - 
MoBi13 C (Kappa 




HER2 - 1.26E-09 2.33E+05 2.94E-04 1.12E-08 8.90E+05 9.93E-03 - - - 
MoBi14 C (Kappa 




HER2 - 2.51E-09 3.13E+05 7.86E-04 1.24E-08 7.22E+05 8.94E-03 - - - 
BiBi1 B (Kappa) EGFR 
(9G8) 





HER2 - 1.56E-09 1.85E+05 2.90E-04 7.11E-09 1.08E+06 7.71E-03 - - - 
BiBi3 B (Kappa) NKG2D HER2 - 5.92E-09 2.05E+05 1.22E-03 7.44E-09 8.70E+05 6.47E-03 - - - 




NKG2D HER2 - 7.87E-09 2.41E+05 1.90E-03 5.01E-09 1.33E+06 6.68E-03 - - - 
BiBi5 B (Kappa) NKG2D EGFR 
(9G8) 





- 4.33E-09 2.28E+05 9.86E-04 1.27E-09 1.95E+05 2.48E-04 - - - 
BiBi7 B (Kappa) NKG2D EGFR 
(722C03) 





- 6.08E-09 2.08E+05 1.27E-03 2.91E-09 2.95E+05 8.59E-04 - - - 
BiBi9 B (Kappa 




HER2 - 1.79E-09 1.63E+05 2.92E-04 1.73E-08 7.03E+05 1.22E-02 - - - 
MoTri1 D (Kappa) EGFR 
(9G8) 





HER2 NKG2D 2.72E-09 1.33E+05 3.62E-04 4.85E-09 1.70E+06 8.26E-03 1.16E-08 2.26E+05 2.61E-03 
MoTri3 D (Kappa) NKG2D HER2 EGFR 
(9G8) 
7.91E-09 3.14E+05 2.48E-03 2.22E-09 2.45E+06 5.43E-03 1.43E-09 1.68E+05 2.40E-04 
MoTri4 D 
(Lambda) 
NKG2D HER2 EGFR 
(9G8) 
8.11E-09 2.66E+05 2.16E-03 4.09E-09 1.86E+06 7.60E-03 1.96E-09 1.92E+05 3.76E-04 
MoTri5 D (Kappa) HER2 EGFR 
(722C03) 





NKG2D 1.23E-08 7.14E+05 8.79E-03 1.65E-09 2.98E+05 4.92E-04 8.05E-09 2.78E+05 2.24E-03 
MoTri7 D (Kappa 




HER2 NKG2D 2.82E-09 1.40E+05 3.93E-04 1.64E-09 3.89E+06 6.40E-03 1.06E-08 2.61E+05 2.77E-03 
BiTri1 E (Kappa) EGFR 
(9G8) 





HER2 NKG2D 1.74E-09 1.73E+05 3.02E-04 9.90E-09 1.09E+06 1.08E-02 9.00E-09 2.84E+05 2.56E-03 
BiTri3 E (Kappa) EGFR 
(722C03) 





HER2 NKG2D 1.63E-09 3.27E+05 5.31E-04 9.92E-09 6.98E+05 6.92E-03 7.95E-09 2.97E+05 2.36E-03 
BiTri5 E (Kappa 




HER2 NKG2D 1.48E-09 2.16E+05 3.19E-04 5.42E-09 1.86E+06 1.01E-02 9.23E-09 2.55E+05 2.35E-03 
 
































KD 1.09E-08 nM 

























































KD 8.11E-09 nM 





























































































































































KD 1.24E-08 nM 











































































































KD 5.01E-09 nM 











































































































KD 2.22E-09 nM 





























































































































































KD 9.90E-09 nM 





Fig. S2: Biolayer interferometry analysis for affinity determination of antibody molecules used in this 
study. One armed monovalent monospecific, one armed monovalent bispecific, bivalent bispecific, 
monovalent trispecific and bivalent trispecific molecules were characterized. Antigen binding was 
conducted for each antibody paratope separately with the respective antigen (EGFR, NKG2D and Her2) 











































































KD 5.42E-09 nM 
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Fig. S3: Simultaneous binding of the antibody molecules used in this study via biolayer interferometry 
analysis. One armed monovalent bispecific, bivalent bispecific, monovalent trispecific and bivalent 
trispecific molecules were characterized. Consecutive binding against each antigen (EGFR, NKG2D and 
HER2) was measured at a concentration of 50 nM. Control measurements with kinetics buffer were 
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Fig. S4: Epitope binning experiments performed using Biolayer Interferometry. EGFR was captured via 
its histidine-tag on anti-Penta His (HIS1K) biosensors. Consecutive binding of one-armed control 




Fig. S5: Biolayer interferometry analysis to assess simultaneous binding capacities of one armed 
monovalent bispecific molecules comprising HER2-specific VHH grafted onto the SEED AG chain and 
EGFR-specific VHH 9G8 grafted onto light chain constant regions. Association of EGFR (50 nM) was 
measured (not shown), followed by a second association step of HER2 (50 nM). Brown: HER2-targeting 
VHH engrafted onto CH1 of the SEED AG chain and VHH 9G8 grafted onto CLλ. Light blue: HER2-
specific paratope placed on AG chain (CH1) and 9G8 grafted onto CLκ. Dark blue: HER2-targeting 
single domain entity grafted onto the SEED AG chain (CH1) and 9G8 engrafted onto CLκ with ten 






























Fig. S6: Simultaneous cellular binding analysis of monovalent monospecific antibody Ctrl1 and Ctrl3, 
as well as monovalent bispecific antibody MoBi2 and MoBi12. Binding to EGFR-positive cell line 
MDA-MB-468 and Her2-positive cell line SK-BR-3 was assessed by flow cytometric analysis. Of note, 
MDA MB 468 was labelled with CellTracker™ Deep Red Dye and HER2-positive SK-BR-3 cells were 
labelled with CellTrace™ CFSE to allow for double positive fluorescence gating. 
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Fig. S7: NK cell-mediated tumor cell killing of EGFR-overexpressing cell line A431 using monovalent 
bispecific constructs and control molecules. All molecules used in this study were effector silenced 
(L234A, L235A, P329G). (A) Dose-response curve of one armed anti-EGFR (bright grey) and MoBi8 
(EGFR AG:HER2 CLλ, dark grey) used as controls as well as EGFR and NKG2D engrafted molecules 
MoBi1 (EGFR AG:NKG2D CLκ, red), MoBi2 (EGFR AG:NKG2D CLλ, orange) MoBi3 (NKG2D 
AG:EGFR CLκ, green) and MoBi4 (NKG2D AG:EGFR CLλ, blue). (B) A431 tumor cell lysis mediated 
by bispecific NK cell redirection at a concentration of 10 nM. Cell lysis was normalized to staurosporine-
mediated killing. 
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Fig. S8: Representative size exclusion chromatography profiles for selected control molecule Ctrl4, 
monovalent bispecific molecule MoBi10, bivalent bispecific VHH-derived IgG-like antibody BiBi4, 
monovalent trispecific entity MoTri6 and bivalent trispecific VHH-based IgG-like SEEDbody BiTri2. 
 
 
Fig. S9: Biolayer interferometry analysis to assess binding of bivalent bispecific molecules to HER2 
after association against EGFR. First association was performed against EGFR at a concentration of 
50 nM (not shown), followed by a second association step with HER2 at 50 nM. Association against 
HER2 shown for bivalent bispecific BiBi7 (CLκ, black), BiBi2 (CLλ, dark grey) and BiBi9 (CLκ +10 























BiBi1, BiBi2, BiBi9 
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7.4 Affinity maturation of B7-H6 translates into enhanced NK cell-mediated tumor 
cell lysis and improved proinflammatory cytokine release of bispecific 
immunoligands via NKp30 engagement 
 
Supplementary Material 
Affinity maturation of B7-H6 translates into enhanced NK cell-mediated tumor cell lysis and 
improved proinflammatory cytokine release of bispecific immunoligands via NKp30 engagement 
Lukas Pekar*¶1, Katja Klausz†1, Michael Busch¶, Bernhard Valldorf#, Harald Kolmar‡, Daniela Wesch§, 
Hans-Heinrich Oberg§, Steffen Krohn†, Ammelie Svea Boje†, Carina Lynn Gehlert†, Lars Toleikis*, 
Simon Krah*, Tushar Gupta||, Brian Rabinovich||, Stefan Zielonka*2 and Matthias Peipp†2 
 
*Protein Engineering and Antibody Technologies, Merck KGaA, Frankfurter Straße 250, D-64293 
Darmstadt, Germany 
†Division of Stem Cell Transplantation and Immunotherapy, Department of Medicine II, University 
Hospital Schleswig-Holstein and Christian-Albrechts-University Kiel, Rosalind-Franklin-Straße 12, D-
24105 Kiel, Germany 
¶Discovery Pharmacology, Merck KGaA, Frankfurter Straße 250, D-64293 Darmstadt, Germany 
#Chemical and Pharmaceutical Development, Merck KGaA, Frankfurter Straße 250, D-64293 
Darmstadt, Germany 
‡Institute for Organic Chemistry and Biochemistry, Technische Universität Darmstadt, Alarich-Weiss-
Straße 4, D-64287 Darmstadt, Germany 
§Institute of Immunology, University Hospital Schleswig-Holstein and Christian-Albrechts-University 
Kiel, Michaelisstrasse 5, Bldg. U30, D-24105 Kiel, Germany  
||Department of Immuno-oncology, EMD Serono Research & Development Institute Inc., 45A 
Middlesex Turnpike, MA-01821 Billerica, USA




Fig. S1: Analysis of human NK cell activation by flow cytometry. Purified NK cells were incubated 
with A431 target cells (E:T = 5:1) for 24 hours at 37°C, stained with LIVE/DEAD™ Fixable Near-IR 
Dead Cell Stain and fluorochrome-conjugated anti-CD56 and anti-CD69 antibodies. FACS plots 
exemplarily demonstrate the gating strategy. Upper row: Side scatter (SSC) vs. forward scatter (FCS) 
for identification of single NK cells. Near IR and CD56 staining versus an unrelated channel was used 
for the identification of living CD56+ NK cells (lower row, left and middle plot) followed by gating on 
activated CD56+ CD69+ NK cells (lower row, right plot). 




Fig. S2: Yeast surface display of B7-H6 binding to NKp30 and analysis of the enrichment of 
affinity-enhanced B7-H6 variants. (A) Schematic representation of B7-H6 display by yeast surface 
display. For surface display, wildtype B7-H6 as well as library candidates were expressed as fusion 
protein with Aga2p. A C-terminal HA tag was included for the detection of full-length B7-H6 
candidates. Simultaneous detection of B7-H6 display and NKp30 binding at a concentration of 1 µM 
(B), as well as library output of sorting round 3 (C) and wild-type B7-H6 (D) stained with 50 nM 
NKp30. 107 yeast cells per sample were incubated simultaneously with pre-mixed anti-HA-PE, Penta-
His Alexa Fluor 647 antibody and histidine-tagged human NKp30 solution for flow cytometric analysis. 
(E) BLI analysis of four leading affinity-optimized B7-H6 immunoligand variants binding to NKp30. 




Fig. S3: EGFR-targeting, affinity-optimized B7-H6 immunoligands exert potent killing of tumor 
cell line A431.  Standard 4 h 51Cr release assays were performed with human PBMCs and A431 cells at 
an E:T ratio of 80:1 to analyze concentration-dependent killing mediated by the 36 monovalent EGFR-
targeting, affinity-matured B7-H6 SEED-PGLALA NK cell engagers. B7-H6 variants were 
compared to wild-type B7-H6 NK cell engager (B7H6 wt_hu225-SEED-PGLALA; grey line with 
grey squares) and a control molecule lacking B7-H6, but still binding one-armed (oa) to EGFR via the 
humanized Cetuximab Fab (oa_hu225-SEED-PGLALA; dotted black line). To allow comparison of the 
results obtained from different donor PBMCs, data of each experiment were normalized using 
Cetuximab induced lysis at saturating concentration as 100 % and oa_hu225-SEED-PGLALA induced 
lysis as 0 %. B7-H6 variants are grouped in graphs according to their KD values with candidates having 
less than 5-fold improved NKp30 binding shown on the upper left, variants with 5- to 10-fold improved 
binding shown on the upper right and variants with more than 10-fold improved NKp30 binding shown 
on the lower right. Selected B7-H6 candidates are in bold and the leading 9 candidates are summarized 
in the graph on the lower right. Data shown in all graphs represent normalized means  SEM of 
individual experiments with different donors. 
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Table SI: Biochemical and biophysical characterization of immunoligands based on affinity-
optimized B7-H6 variants. 







ΔB7-H6_wt 4.09E-07 4.12E+05 1.68E-01 64 92 136 
ΔB7-H6_S3#1 3.91E-08  7.54E+05 2.95E-02  63 95 111 
ΔB7-H6_S3#2 1.17E-08  1.04E+06 1.22E-02  63 75 57 
ΔB7-H6_S3#3 1.04E-07  1.05E+06 1.09E-01  63 93 82 
ΔB7-H6_S3#4 2.39E-08  6.21E+05 1.49E-02  63 81 23 
ΔB7-H6_S3#5 2.25E-08  7.99E+05 1.80E-02  63 89 27 
ΔB7-H6_S3#6 3.31E-08  7.37E+05 2.44E-02  63 96 39 
ΔB7-H6_S3#7 1.10E-07  4.78E+05 5.25E-02  63 96 43 
ΔB7-H6_S3#8 8.07E-08  5.64E+05 4.55E-02  63 86 27 
ΔB7-H6_S3#9 5.78E-08  9.70E+05 5.60E-02  63 96 41 
ΔB7-H6_S3#10 1.45E-07  6.89E+05 9.98E-02  63 91 34 
ΔB7-H6_S3#11 3.91E-08  1.11E+06 4.32E-02  63 89 19 
ΔB7-H6_S3#12 1.29E-07  6.71E+05 8.65E-02  63 95 51 
ΔB7-H6_S3#13 Non binding - - 64 94 23 
ΔB7-H6_S3#14 3.45E-08  9.33E+05 3.22E-02  64 96 42 
ΔB7-H6_S3#15 1.24E-08  8.17E+05 1.01E-02  64 90 23 
ΔB7-H6_S3#16 2.87E-08  1.01E+06 2.89E-02  63 93 32 
ΔB7-H6_S3#17 5.91E-08  9.69E+05 5.73E-02  63 88 23 
ΔB7-H6_S3#18 9.06E-09  1.50E+06 1.36E-02  63 88 20 
ΔB7-H6_S3#19 1.46E-07  6.73E+05 9.81E-02  63 96 40 
ΔB7-H6_S3#20 6.16E-08  1.04E+06 6.42E-02  63 81 25 
ΔB7-H6_S3#21 1.79E-08 1.18E+06 2.11E-02  63 91 33 
ΔB7-H6_S3#22 9.52E-08  4.63E+05 4.41E-02  63 96 43 
ΔB7-H6_S3#23 1.10E-07  4.79E+05 5.25E-02  63 95 40 
ΔB7-H6_S3#24 1.49E-08  7.02E+05 1.04E-02  64 92 26 
ΔB7-H6_S3#25 6.52E-08  7.45E+05 4.86E-02  63 98 16 
ΔB7-H6_S3#26 1.13E-07  4.09E+05 4.64E-02  64 93 24 
ΔB7-H6_S3#27 8.30E-08  6.69E+05 5.56E-02  64 97 31 
ΔB7-H6_S3#28 4.43E-07  3.06E+05 1.36E-01  63 89 42 
ΔB7-H6_S3#29 2.48E-08  7.05E+05 1.75E-02  63 88 25 
ΔB7-H6_S3#30 1.25E-07  6.22E+05 7.76E-02  63 90 47 
ΔB7-H6_S3#31 4.36E-08  6.16E+05 2.69E-02  64 86 28 
ΔB7-H6_S3#32 1.88E-07  4.09E+05 7.66E-02  63 83 32 
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ΔB7-H6_S2#1 2.05E-07  3.80E+05 7.80E-02  63 95 54 
ΔB7-H6_S2#2 2.17E-07  3.40E+05 7.37E-02  64 93 47 
ΔB7-H6_S2#3 1.94E-07  5.46E+05 1.06E-01  63 91 45 
ΔB7-H6_S2#4 1.47E-07  8.30E+05 1.22E-01  64 69 22 
ΔB7-H6_S2#5 2.53E-07  5.85E+05 1.48E-01  63 76 28 
ΔB7-H6_S2#6 2.85E-07  1.32E+06 3.76E-01  63 57 29 
ΔB7-H6_S2#7 1.91E-07  5.04E+05 9.64E-02  64 95 49 
ΔB7-H6_S2#8 Non binding - - 64 17 9 
ΔB7-H6_S2#9 - - - - - 
No expression 
yield obtained 
ΔB7-H6_S2#10 1.87E-07  5.97E+05 1.11E-01  63 90 40 
ΔB7-H6_S2#11 2.34E-07  4.91E+05 1.15E-01  63 88 41 
ΔB7-H6_S2#12 2.91E-07  5.56E+05 1.62E-01  63 73 27 
ΔB7-H6_S2#13 2.05E-07  4.10E+05 8.42E-02  63 96 49 
ΔB7-H6_S2#14 2.17E-07  5.70E+05 1.24E-01  63 95 44 
ΔB7-H6_S2#15 3.50E-07  4.01E+05 1.40E-01  63 94 52 
Expression yields were determined post protein A purification. SEC indicates target monomer peaks as determined by 
analytical size exclusion chromatography. Grey colored variants were not applied for cellular assays due to their biophysical 
properties. 
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7.5 Antibody Display Systems 
 




8.1 Yeast Surface Display in Combination with Fluorescence-activated Cell Sorting 
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8.2 Antibody Display Technologies – Selecting the cream of the crop 
Antibody display technologies enable the successful isolation of antigen-specific antibodies with 
therapeutic potential. The key feature that facilitates the selection of an antibody with prescribed 
properties is the coupling of the protein variant to its genetic information and is referred to as genotype 
phenotype coupling. There are several different platform technologies based on prokaryotic organisms as 
well as strategies employing higher eukaryotes. Among those, phage display is the most established system 
with more than a dozen of therapeutic antibodies approved for therapy that have been discovered or 
engineered using this approach. In recent years several other technologies gained a certain level of 
maturity, most strikingly mammalian display. In this review, we delineate the most important selection 
systems with respect to antibody generation with an emphasis on recent developments.   
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